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Abstract 

The statistical procedure used in the search for the Higgs boson is investigated 
in this paper. A Bayesian hierarchical model is proposed that uses the information 
provided by the theory in the analysis of the data generated by the particle detectors. 

In addition, we develop a Bayesian decision making procedure that combines the two 
steps of the current method (discovery and exclusion) into one and can be calibrated 
to satisfy frequency theory error rate requirements. 
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1 Introduction 

The Standard Model (SM) of particle physics is a theory that describes the dynamics of 
subatomic particles. The Higgs particle is an essential component of the SM; its existence 
explains why other elementary particles are massive (Englert and Brout, 1964; Higgs, 1964; 
Guralnik et ah, 1964; Guralnik, 2009). The existence of the Higgs boson needs to be con¬ 
firmed by experiment. The Large Hadron Collider (LHC) at the European organization for 
nuclear research, known as CERN, is a high energy collider specifically designed and con¬ 
structed to detect the Higgs particle. Two beams of protons circulating at very high speeds 
in the LHC collide inside two detectors (ATLAS and CMS). Collisions between a proton in 
one beam and a proton in the other beam result in generation of new particles, possibly in¬ 
cluding the Higgs boson; each such collision is an event. Some of the particles generated can 
be tracked and measured in the detectors. However, the Higgs particle, if generated, decays 
extremely quickly into other known SM particles and cannot be detected directly. Instead, 
the existence of the Higgs particle must be inferred by looking for those combinations of 
detectable particles that are predicted by the SM. 
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Once a Higgs particle has been created (by one of several ‘production mechanisms’) in a 
proton-proton collision, there are several different processes, called ‘decay modes’, through 
which the particle may decay. The decay process can be reconstructed based on the de¬ 
tected collision byproducts. Events with reconstructed processes that match one of the 
possible Higgs decay modes and pass other selection criteria (called cuts) are recorded as 
“Higgs candidates” and the invariant mass of the unobserved particle is computed from the 
reconstruction. A histogram of the estimator of the mass is then created for each decay mode 
(some analyses including H —> 2 photons use unbinned likelihood fits instead of histograms). 
However, there are other processes, not involving the Higgs boson, that can result in the 
generation of Higgs event byproducts which also pass the cuts; these are called background 
events. Thus the histogram created is either a mixture of background events and events in 
which a Higgs particle was created or just a histogram of background events if the Higgs 
particle does not exist. 

Luckily, the SM predicts, as a function of the mass of the Higgs particle and the energy of 
the colliding beams, the expected rate at which events generate Higgs particles (a quantity 
proportional to the so-called Higgs cross section). It also predicts, as a function of the same 
parameters, the probability that the particle will decay by a given decay mode and produce 
byproducts which pass the cuts. Effectively then, the SM predicts that if the Higgs particle 
exists and has mass m# then there will be a bump on the histogram of invariant masses 
whose size and shape are completely predicted by unknown mass, run, and other measured 
quantities such as beam energy. The statistical problem is to determine whether or not such 
a bump exists and if so at what mass it is centred. 

The search procedure has two stages. The first stage is discovery, or search while the 
second is called exclusion. For each mass in a range of possible masses the null hypothesis 
that there is no Higgs particle is tested against the alternative that it exists and has this 
specific mass. A p-value, called a local p-value, is computed for each mass; if the smallest 
p-value is less than 1 — $(5) (a 5 a effect—$ is the standard normal cumulative density 
function) then the particle is declared to have been ‘observed’. If not then the second stage, 
exclusion, is pursued. For each mass in the range under consideration the null hypothesis 
that the particle exists, at this mass, with the predicted cross section, is tested against a 
background only null hypothesis. 

While the main goal is to discover the Higgs particle and the parameter of interest is the 
mass of the Higgs boson, denoted by m#, the local hypothesis tests (which are likelihood 
ratio tests) focus on the cross section at each mass. The background model parameters and 
any other unknown parameters of the signal function are treated as nuisance parameters. 

In the searches for the Higgs particle described in Ghatrchyan et al. (2012) and Aad et al. 
(2012), in the discovery phase, theoretical predictions are used to define the signal function for 
different production mechanisms and analysis categories. An overall cross section parameter 
in form of a unitless scaling factor, generally denoted by /i, is used in the model. The standard 
model predicts that ji = 1 and the null hypothesis that there is no Higgs is represented by 
p = 0. The procedures described in Chatrchyan et a ( ! L2) and Vad ct al. ( ) treat 

the alternative to /i = 0 as p > 0. Treating // as a free parameter potentially increases the 
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possibility of observing signal at more than one mass value. This is noted in reporting 2-d 
confidence intervals that are made for the mass of the Higgs particle and the cross section 
parameter where a range of pairs of mass values and cross sections are considered consistent 

with the signal Aaltonen et al. (2011). 

In order to fix some notation we now give some further details of the two stages for the 
current practice. Some key weaknesses of the existing method are highlighted in the process. 

Discovery: For each mass value, m E in the search window, a local likelihood 

ratio test (see ( ) for details) is performed at the significance level, «o = 

1 - $(5) = 3 x 1(T 7 , 

H 0 : n — 0 vs. Ha : fi > 0. (1) 

Note that the cross section predicted by the SM is not used under the alternative. Discovery 
is announced if the p-value associated with any of the local tests (the minimum local p-value) 
is below «o and the mass of the Higgs particle is estimated as the corresponding mass value. 
We note that this is not the final estimate of the mass; a further detailed analysis of the 
decay products in the relevant events is used to provide an estimate with uncertainties. The 
plot of local p-values does not itself provide an interval estimate for the mass if the particle 
is detected. 

This testing procedure is equivalent to rejecting the null hypothesis if any of a family of 
local test statistics, u(m), (e.g., log likelihood ratios) indexed by the unknown mass m is 
larger than a predefined level k. Gross and Vitells (2010) proposed a method for estimating 
the “global p-value” of this testing procedure as the null probability that the maximum of 
the local test statistics is greater than the observed maximum. Their method is based on 
the results of Davies (1987) and gives: 

P G = Pff 0 (maxz/(m) > K ) 

m 

~ PH 0 (x 2 d > «) + Etfo (N(k)) (2) 

where k in this case is the observed maximum statistic, y^, denoting a chi-squared distri¬ 
bution with d degrees of freedom, is the null distribution of u(rn) and E# 0 (N(k)) is the 
expected number of uperossings of the level k by the process u(m). Using the method of 
Gross and Vitells (2010) one can estimate the (global) type I error rate associated with the 
discovery procedure that is based on the local tests, 

«g = Ph 0 (max u(m) > n ao ) 

m 

~ P H 0 (x 2 d > G*o) + Etfo Wltao)) 

— a o + E h 0 (-/V(fc ao )) > (3) 

where K ao is the Xd quantile corresponding to a 0 . Since E# 0 (N(k)) > 0, the actual global 
type I error rate is larger than the controlled local type I error rates. The size of the difference 
depends on the specific statistical model. 

Exclusion: In the second stage, carried out only if no particle is detected at the first 
stage, further investigation is done to exclude regions of m which are unlikely values for the 
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mass of the Higgs boson. The theoretical cross section is tested at significance level a 2 = 0.05 
at the exclusion step (Cowan et al., 201] ), 

H 0 : fi = 1 vs. Ha : /x < 1. (4) 

Any mass whose corresponding theoretical cross section is rejected is excluded from the range 
of possible masses for the Higgs particle. 

A number of questions/criticisms arise regarding the existing procedure: Why is the 
cross section parameter treated as unknown and estimated in the discovery stage while the 
theoretical value of this parameter is used in the exclusion? In other words, why is a smaller 
cross section than the one predicted by theory eligible at the discovery step when it might 
well be excluded when testing for exclusion? The global type I error rate associated with 
the local discovery procedure is larger than the local thresholds and is not obtained. What 
would the decision be if more than one local p-value for well separated mass values fall 
below the local significance level at the discovery step? This scenario is more likely when 
the cross section is treated as unknown. Current procedure sets a very low Type I error 
rate for each test and yields a procedure with an unknown global type I error rate. The 
suggestion that this error rate be computed only for data sets crossing some local error rate 
threshold guarantees that the estimated local error rate has no straightforward frequency 
theory interpretation. 

In the following we propose a Bayesian procedure that combines discovery and exclusion 
into a single decision making step and enables the calculation and control of various fre¬ 
quency theory global error rates. This is done by specifying some elements of the decision 
making procedure (priors or loss values) and calibrating the rest of the elements to satisfy 
predetermined error rates. Our procedure takes advantage of the information provided by 
theory but can be modified to treat the cross section as an unknown parameter. In other 
words the proposed procedure is capable of consistently using the information provided by 
the theory as well as incorporating any uncertainty that might be associated with this in¬ 
formation. Unlike the current practice, which could potentially result in different decisions 
in the discovery and exclusion steps, our procedure provides a set including all the possible 
mass values for the Higgs particle. 

The rest of the paper is organized as follows. In Section 2, we introduce a Bayesian 
hierarchical model and describe inference for model parameters. Section 3 is dedicated to the 
Bayesian decision making procedure that, while combining the discovery and exclusion steps, 
can be calibrated to obtain desired frequency-theory error-rates. In Section 4, the proposed 
inference and decision making methods are applied to simulated Higgs data provided to us 
by the CMS Higgs group. Section 5 follows with concluding remarks. 

2 Model and inference 

In this section we introduce a Bayesian hierarchical model that captures the features of the 
Higgs problem. A sequential Monte Carlo (SMC) algorithm is used to make inference about 
the model parameters. 
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Suppose that the data, i.e., the invariant masses recorded by the detector, are realizations 
of a Poisson process whose intensity function is given by the sum of a background process 
A(m) and a signal function s mH {m). The shape of the signal function is known and its 
location is determined by the unknown parameter, rrin G Ad, where Ad = {0} U (mo,m„) 
(( m 0 ,m n ) C 1Z + — {0}, i.e., m 0 and m n are strictly positive). The parameter, mu, is the 
unknown mass of the Higgs particle where m# G (mo,m n ) means that the Higgs boson has 
a mass in the search window, (mo,m n ), while rrin = 0 refers to the case that the particle 
does not exist, at least not with a mass in (mo,m n ). We model the uncertainty about the 
background A(m) as a log-Gaussian process, 

log A? 7 ,o- 2 (m) ~ GV(^(m), p v>rT2 (m, m 1 )), m G (m 0 ,m n ). (5) 

with a known mean function, £(m), and covariance function given by, 

p, 7j(T2 (m, rnri) = a 2 exp (-rj(m - m') 2 ), (6) 

where a 2 is the variance parameter and r/ is the correlation parameter that controls the 
smoothness of the background function. The notation A r);(T 2 is used to show the dependence 
of the background function on the covariance parameters. For the sake of brevity we drop 
the subscript from here on. 

The functional form of the background model and the uncertainties associated with it 
are typically obtained from Monte Carlo studies (Aacl et ah, 20b ). The mean function in 
the background prior in (5) would ideally be determined in the same way. However, the log- 
Gaussian process is a realistic model that allows the background function to deviate from 
the mean function while letting the data correct for a possibly incorrect prior mean. 

We choose the signal function as a Gaussian probability density function with the location 
parameter mu (in the current practice (Chatrchyan et ah, 2012; Aad et ah, 2012) a slightly 
more complex signal shape called the “crystal ball f un ction” is used). Thus, the signal 
function is given by 


, \ ,,m — m H s ? , \ /„s 

s mH {m ) = c mH <j>( ---) for m H G (m 0 ,m n ), (7) 

S0 (m) = 0, (8) 

where c mH is a scaling constant, and (j) is the normal probability density function with 
standard deviation e which controls the spread of the signal function. 

The use of finely binned data is common in the physics literature since the size of the 
data collected is often large. The likelihood of the binned data is given by, 


7r(y|A, m H ) 


exp(—T. t )Tf 
Vi- 


where 


r, = 


[A (m) + s mH (m)\dm. 


'rrn -1 


( 9 ) 


( 10 ) 
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The grid m = (mo, m 1; ..., m n ) is the vector of bin boundaries over the search window. In 
practice, we treat J™‘ A(m)dm as observations of a log-Gaussian process to avoid integra¬ 
tion of the log-Gaussian process at every evaluation of the likelihood in our computations. 

The posterior distribution of the model parameters 6 = ( 77 , cr 2 , A, m#) given the data y 
can be written as 


^(0 I y) 


TrtgMyjg) 

/ 7 r( 0 ) 7 r(y| 9)d0' 


( 11 ) 


where 7 r( 0 ) = 7 r(r 7 ) 7 r(cr 2 ) 7 r(m^) 7 r(A) is the independent prior. The prior distribution, 7 r(m#) 
is chosen as a mixture of a point mass at m# = 0 and a continuous distribution on (mo, m n ). 
In Section 3.2, we argue that, after calibration, decision making under the proposed procedure 
is not sensitive to the choice of this prior. The hyperparameters 77 and a 2 are assigned 
inverse Gamma hyperpriors with shape and scale parameters equal to one. The hyperpriors 
prevent these parameters from moving to boundary values while allowing them to explore 
the plausible range of values. 

Markov chain Monte Carlo (MCMC) sampling to infer the parameters of the above model 
is challenging with the mixture prior on m. Also because the likelihood is sensitive to small 
changes in the parameters and A(m) is a function. To overcome computational difficulties we 
use an SMC algorithm (Del Moral et ah, 2006). The SMC samplers are a family of algorithms 
that take advantage of a sequence of distributions that bridge between a distribution that is 
straightforward to sample from (for example the prior) and the target distribution. Particles 
are filtered through the defined sequence using importance sampling and re-sampling steps 
to eventually obtain a sample from the target distribution. In a common version of SMC 
the sequence of filtering distributions is defined by tempering the likelihood, i.e., the role of 
likelihood is induced in the model in a sequential manner. In this case, SMC is especially 
useful in sampling m from a mixture distribution. 

Let the filtering sequence of distributions be denoted by, 


7T 0 , 7Ti, . . . , 7 It- 

Using a temperature schedule {r t , t — 0, ..., T}, the t th distribution in the sequence is defined 
as a power posterior, 

7T t = 7r(0)[7r(y|0)] Ti , 

where 

0 = r 0 < T\ < ... < Tt — 1. 

The SMC sampler comprises iterative steps of weighting and sampling. While the parti¬ 
cles are moved toward the target distribution through re-sampling with weights calculated 
according to the current temperature, they are also moved toward higher probability re¬ 
gions under each distribution in the sequence, through a sampling step, to prevent particle 
degeneracy. These steps are explained in Algorithm 1. 

The form of the incremental weights uii depends on the choice of the transition kernel 
K t in SMC. In Algorithm 1 K t is chosen as an MCMC transition kernel that results in the 
simplified form of the incremental weights. For more details about the weight calculation and 
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Algorithm 1 Sequential Monte Carlo 

Input: A temperature schedule {r t , t — 0,..., T} 

A MCMC transition kernel K t 
1: Generate an initial sample 0q N ~ 7T 0 ; 

2: Wl' N «- i; 

3: for t 1,... , T — 1 do 

• Wi <- W\_ x A where w\ = P{y\e\ l) ) Tt ~ Tt -\ i = 1,..., A; 

• Re-sample the particles d\' N with importance weights W^ :N ] 

• Wl N «- i; 

• Sample 0^ ~ Jl t ; 

4: end for 

Return: Particles 6^' v . 


sampling step in the SMC sampler see Del Moral et al. (2006). In Section 4, we explain our 
specific choices of the inputs of the algorithm where we apply the above Bayesian hierarchical 
model to the simulated Higgs data set. 

3 Bayesian decision making 

In this section we consider the problem from a decision theoretic point of view. We define 
a linear loss function and derive the Bayes rule that can be used as an alternative to the 
current discovery/exclusion method for reporting one or more possible mass values for the 
Higgs particle. The Bayes procedure is calibrated to match specified frequency-theory-error- 
rates. 

3.1 Structure 

The required ingredients of a decision theory problem are a model with the corresponding 
parameter space, a decision space which is a set of possible actions to take, and a loss function 

(Berger, 1980). 

The model was introduced in Section 2. However, the procedure we now suggest could 
be used regardless of the specific details of the model. We define the decision space as the 
set of all possible subsets, S C M. where At was defined in Section 2 as the union of the 
interval (m 0 , m n ) and the single point 0 that represents the case that the Higgs particle does 
not exist. The interpretation of S is that, m G S if, having observed the data, we wish to 
retain m as a possible value of the true mass. For instance, if 0 G S', the results suggest that 
it is possible that the Higgs particle does not exist (at least not with a mass in the search 
window). 
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The next step is to define a loss function that reflects two goals. First we would like to 
include the correct parameter value in the decision set. Therefore we charge a penalty if the 
correct value is excluded from the decision set. Second, we would like to exclude from S any 
incorrect parameter value. So we charge a penalty for including any parameter value that 
is not the true value. For the time being, suppose that the parameter space, M., and the 
decision set, S, are discrete. Let /(m*) and C(rrii) denote the loss values that respectively 
correspond to the case where m, is not the mass of the Higgs particle (rn t ^ m#) but included 
in the decision set and the case where m, is the true mass of the Higgs particle (m* = m#) 
but excluded from the decision set. We refer to l(rrii ) and C(rrii ) as inclusion and exclusion 
losses respectively. Allowing / and (7 to depend on m n permits us later on to adjust these 
functions to give desired error rates. 

The following linear loss function accounts for all the possible decision scenarios with the 
corresponding losses, 

L D (m H , S) = ^2 e S)l(rrii ^ m H ) + C{m H )t{m H £ S ) (12) 

where the subscript Lo shows the momentary discreteness assumption. However, we wish 
to treat the mass as a continuous variable over the interval of interest. Moreover, the case 
rriH = 0 needs to be displayed explicitly in the formulas since it is treated differently than 
the rest of the parameter space in terms of error rates. Therefore, we begin by rewriting the 
loss function as 


L D {m H , S) = ^2 l(mi)l(mi ± m H ) 

mi(ESn(mo,m„) 


+ 


+ Z(0)1(0 G S) + C{m H )t{m H £ S) 1 (m H e (m 0 ,m n )) 

Y. l(mi)l(mi 7 ^ m H ) + C(0)1(0 ^ S) t(m H — 0) (13) 

mi£Sn(mo,m n ) 


To pass to the continuous case we now replace the sum over S fl (mo,m n ) by an integral. 
(Conceptually, as we add more possible loss values we rescale the loss function to keep the 
total sum bounded. In the limit the function l(m) on ( mo,m n ) is a “loss density”; it has 
units of “loss” per unit of mass. The quantity Z(0) has units of “loss” as do the quantities 
(7(0) and C(m H ).) The result is the loss function 


L(m H , S ) = 


/ Z(m)l(m 7^ mH)dm 

L JSn(mo,m„) 

h Z(0)1(0 e S) + £ S) I l(m H G (m 0 , m n )) 


+ 


L J 5n(mo,m n ) 


l{m)dm + (7(0) 1(0 ^ S) 1 {m H = 0) 


(14) 


The indicator 1 (m ^ mn) can be dropped from the first integral without changing its value 



to give the simplified form 


L(m H , S)= l(m)dm + [/(0) 1(0 G S) + -S')] 1 (m H G (m 0 , m n )) 

J Sn(mo,m„) 

+ C'(0)l(0£-S')l(m* = 0), (15) 

where the term f Sn(mo rn } l(m)dm is the loss due to including incorrect mass values in S. 

By averaging the loss function (15) with respect to the marginal posterior n(m | y) the 
posterior expected loss or the Bayes risk is obtained as follows. 


^7r(m|y) (*S) -^7r(m|y) [T(/7T, -S')] 

= f l(m)dm 


' Sn(mo,m n ) 


' S c n(mo,m„) 


C(m)ir(m j y )dm 


C(0)l 5c (0)vr(0 | y) + Z(0)1 S (0) (1 - vr(0 | y)) 


(16) 


The Bayes rule is obtained by minimizing the Bayes risk with respect to S. 

Theorem 1. The Bayes rule, i.e., the decision rule that minimizes r 7r ( m | y )(S'), is given by 


S 


{m G (m 0 , m n ) : ^ < vr (m \ y)} 

{m G (m 0 , m n ) : < vr(m | y)} U {0} 


m > ^(0|y) 

C(0) - 1—7r(0|y) 

m ^ zhgM 

C(0) ^ 1—7r(0|y) ‘ 


A proof is provided in Appendix A. 


(17) 


3.2 Calibration and error rate estimation 


As mentioned before, the proposed procedure can be calibrated to give desired frequency 
theory properties such as error rates. The loss ratios l(m)/C(m) can be adjusted to satisfy 
the type I error rates required in particle physics applications. The same effect could be 
achieved in principle by keeping the loss ratio fixed and adjusting the prior. However, fixing 
the prior makes the computations below more straightforward. The global Type I error rate 
and false exclusion rates are controlled respectively as follows. 


p(«^| m = « ) = p( T ^L y < ^ |m 


= «l, 


P(m ^ S | m) — P (7r(m | y) < 


l(m) 
C(m ) 


m 


= a 2 . 


(18) 


(19) 


where P(A) is the probability of event A. 


9 



The Associate Editor has observed that these calibrations are not strictly frequentist in 
nature because of the way we are handling the background A. A strict frequentist procedure 
would have 


P(0 ^ S\m = 0, A) = «!, (20) 

P(m ^ S\m, A) = a 2 . (21) 

Such calibration is likely impossible if we insist on exact calibration in small samples. Tra¬ 
ditional statistical procedures such as likelihood ratio tests are calibrated by letting the 
critical value for the test statistic depend on the nuisance parameters. In other words, equa¬ 
tion (20) is required to hold only at the estimated value A of A; approximate calibration 
is then achieved by parametric bootstrapping. The procedure we describe below is parallel 
but averages over those A which remain credible after seeing the data, i.e., according to the 
posterior distribution of A; details are given in the next two subsections. Our procedure and 
parametric bootstrapping are both properly calibrated in large samples. 

Note that calibration to produce desired frequency error rates offsets the effect of the 
prior in decision making. Since the posterior odds can be written as a product of the prior 
odds and likelihood ratio, the loss ratio we obtain and use in decision making, responds to 
the choice of the prior. 

Solving equations (18) and (19) for the loss ratios /(0)/C'(0) and l(m)/C(m) requires 
obtaining the aql00% and « 2 100% quantiles of the null distributions of the posterior odds 
7r (0|y)/(l — 7 r (0|y)), and the posterior probability density, 7r(m|y). 

Unfortunately, under most realistic models the distribution of the posterior functionals 
cannot be obtained in closed form. Johnson (201 ) developed the uniformly most powerful 
Bayesian test (UMPBT) for one-parameter exponential family based on the same idea, i.e., 
maximizing the probability that the Bayes factor is smaller than a certain threshold under 
the null model. They briefly visit the Higgs problem and report the size of a Bayes factor 
equivalent to the local significance level of = 3 x 10“'. However, to be able to obtain the 
UMPBT, a normal model is used and the cross section is treated as an unknown parameter 
as it is in the existing analysis of the Higgs data. 

The results in Johnson (2013) cannot be used under our model. Therefore, we need 
to estimate percentiles of the distribution of the posterior using Monte Carlo. However, 
this requires intense computation since for each generated data set at each iteration of the 
Monte Carlo we need to run the SMC algorithm to estimate the posterior. This Monte Carlo 
within Monte Carlo scheme is computationally costly on its own, while satisfying the small 
significance level in the physics application requires a large number of iterations to estimate 
precise tail quantiles adding to the computational intensity. 

To address calibration with affordable computation, we combine importance sampling and 
approximation techniques: we replace the SMC algorithm with a Laplace approximation in 
each Monte Carlo algorithm and use importance sampling to reduce the number of iterations 
required to obtain tail probability estimates for the Bayesian statistic’s distribution for a fixed 
level of precision. 
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3.2.1 Approximation 


In the following, we explain the Laplace approximation to the marginal posterior distribution 
of the mass of the Higgs particle. This approximation is used as a fast alternative to sampling 
the posterior distribution to speed up the calibration Monte Carlo. The hyperparameters rj 
and a 2 are held fixed at their maximum a posteriori estimates in the calibration. Consider 
reparametrizing the model in terms of T = log A. The approximation method, inspired by 
Rue et al. ( 009), is based on a Gaussian approximation to the conditional distribution, 
7f(T | m, y), i.e., 


7T (m | y) = 


vr(m, T,y) 


vr(T | m, y) 


( 22 ) 




The Gaussian approximation, 7 t(T | y, m), is obtained by numerically approximating the 
mode and curvature of 7r('b | y , m); 


7t(T | y, m ) oc exp{ 


1 

2 


(4>-^) t E '(t - n) + logir(y|f .m)}. 


(23) 


Consider the Taylor expansion of the n components of the log likelihood around the initial 
values T 0 , 


logvr(y|T,m) = 


i=l 


5^[0i(tfoi) + i) + 9i ^ 0i) - tf«) 2 ] 


i= 1 


^[a ?: (T 0l ) + 6i(^oi)^ - -Ci(T 0 i)T 2 ]. 


i= 1 


S"(*0i), Tf2 


Tn 


where, 

dii'k) = log(vr (y { | T,m)), 

a i(^0t) — 9i(^0i) — + 

bi(VOi) = g'i^oi) - ^0i9i(^0i), 

AT, \ 9ii^0i) 

= - 2 —■ 

The above expressions are given explicitly in Appendix B. Therefore, we have 


tt(T | y,m) ocexp{--(T -/iR £ (T - fi) 


£M* 0l ) + 6i(^oi)^i - -Q(T 0i )T 2 ]} 


i =1 


oc exp{--1> r (E- 1 + diag(c 0 ))>I> + (E“V + bo) 7 *}. 


(24) 

(25) 

(26) 

(27) 

(28) 


(29) 
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where b 0 = ( 61 (^ 01 ), ■ ■ ■, K{^On)) T and c 0 = (ci(T 0 i), • • •, c n ('h 0n )) T . The mean (mode) 
of the approximate Gaussian distribution, 7 r(T | y,m), is obtained by repeatedly solving 
(X ” 1 + diag(ct))\]/ t+ i = (X _1 /x + bt) for until convergence, where b f and c t are updated 
matrices at iteration t. The approximate covariance matrix is XT 1 + diag(c), where c is 
the matrix c t after convergence. Therefore, the approximate marginal distribution can be 
obtained up to a normalizing constant as follows, 

m, y)dT 

oc 7 r(m)|X -1 + diag(c)| _ L (30) 


n(m | y) oc 7r(m) / 7 t(T 


3.2.2 Importance sampling for estimating error rates 


As mentioned before, to evaluate the error rates associated with the Bayesian testing pro¬ 
cedure, tail probabilities of the posterior functionals need to be estimated. Accurate Monte 
Carlo estimates for probabilities of rare events are only obtained with large Monte Carlo 
samples (in the order of 10' and larger in this application). In this section we introduce 
an importance Monte Carlo algorithm that is used to obtain tail probability estimates with 
lower variances. 

We focus on the global type I error rate of the Bayesian testing procedure, i.e., 


— Ph q 


^(01 y) UQV\ 

1 — 7r(0 | y) C(0)/ 


P(tt( 0 | y) < g 0 ) 


(31) 


where g 0 = Z(0)/(C(0)+Z(0)). While in calibrating the Bayes procedure the goal is to estimate 
g 0 to satisfy a determined ai, suppose, for the time being, that aq is to be estimated for a 
given g 0 . 

To estimate op using basic Monte Carlo, data, y ? , is generated in each iteration under 
the null hypothesis, H 0 , and 7 r (0 | y*) is obtained. The Monte Carlo estimate of aq based on 
a (large) sample of N posterior values is given by, 


«i = ^ 1 ^ 7r W I G (°> ®)) (32) 

1=1 

However, under the null hypothesis, the event that 7 r (0 | y*) falls bellow q 0 is rare and an 
unaffordably large N is required to obtain a non-zero estimate for ot\. 

Importance sampling is a popular method for simulating rare events ( lubino and Tuffin, 
2009). The idea is to generate samples under an importance distribution under which the 
event of interest is likely to occur and weight the samples according to the original distribu¬ 
tion of interest. To use importance Monte Carlo, here, we seek an importance distribution 
under which small values of 7r(0 | y) are more likely to occur. 

Let us remind ourselves of the model under the null and alternative hypotheses, 


H 0 : The Higgs particle does not exist, i.e., m H = 0, (33) 

Ha : The Higgs particle exists with a mass mn € (m 0 ,m n ), (34) 
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Algorithm 2 Importance Monte Carlo calibration algorithm 
Input: Pre-determincd significance level, a±. 

1: for i 0,1,..., N do 

a- Generate rs-/ 7T4(m); 

b- Generate A, ~ 7 r(A | y obs ) (sample a realization from the posterior sample generated 
by Algorithm 1 ); 

c- Generate data, y* ~ 7 r(y | Aj/mj; 
d- Obtain 7 r(m | y;) using (30); 
e- Obtain Wi using (35). 

2: end for 

3: Solve (36) to obtain q 0 . 

Return: Discovery threshold q 0 . 


Clearly we expect the event 7 r (0 | y) < q% to occur with high probability under the alternative. 
Therefore we can use the model under Ha as the importance distribution. The importance 
weights are then given by, 


Wi 


n(y 1 H 0 ) 

7r(y I H a ) 

7r(y | m — 0) 

c 71 ( y I m ) fim 

^(0 I yMy)Mg) 
C‘[ 7r ( m I y) 7r (y)/ 7r ^M]dm 
_ ^(0 I y) _ 


(35) 


where 7 r(0) and 7 T .4 (m) are the priors over the mass under i / 0 and i/ 4 , respectively. The 
importance Monte Carlo estimate of 04 based on a sample generated under the alternative 
model is given by, 

1 N 

«1 = ^ 1 (o,«j 0 )(tt(0 I yi)))Wi. (36) 

For calibration, however, (36) is solved for q 0 with a given significance level, ay. Algorithm 2 
outlines the calibration steps. As mentioned earlier, the marginal posterior of the mass is 
obtained by integrating the background over its posterior distribution, i.e., the procedure 
is calibrated for the most likely realizations of the background function. This is done by 
repeatedly sampling from the posterior sample of the background generated by Algorithm 1 
in step 1-b of Algorithm 2. 
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The Higgs simulated data analysis 


4.1 Data 

Confidentiality rules do not allow access to the real data for non-members of the Higgs 
research groups. In this section we apply our model and procedure to simulated data provided 
to us by Matthew Kenzie of the CMS group and described in SIMS Collaboration (2014) and 
CMS Collaboration (2013). The simulation procedure is very complex because it must model 
not only the predicted behavior of the Higgs boson but also the behavior of the extremely 
complex CMS detector. Analysis of such simulated data was an essential step in developing 
the analytic techniques to be used for the real experiment. The simulated data available to us 
represent the diphoton decay mode invariant mass spectrum (in the range 100 < m 77 < 180 
GeV) at centre of mass energy a/s = 8 TeV. For each of the decay modes there are different 
Higgs signatures referred to as analysis categories. For the diphoton decay mode there are 
nine analysis categories. We had access to a list of the invariant mass of each data event 
together with the corresponding analysis category. 

There are several “production mechanisms” through which a Higgs particle can be gener¬ 
ated; five such mechanisms were considered for our data. Each such production mechanism 
leads to a specific predicted signal function. While the production mechanism is not iden¬ 
tified in the data the signal function is propagated through the analysis separately for each 
of the SM Higgs production mechanisms at the LHC and each analysis category. The shape 
of the signal function in each analysis category, for each of the production modes and at 
three hypothesized Higgs masses (120, 125, and 130 Gev) has been provided to us in form 
of a histogram; the entry in a single bin of such a histogram is the expected number of 
Higgs events produced by a specific production mechanism in a specific analysis category in 
the mass range for that bin if the Higgs has the particular hypothesized mass. A handful 
of the production mechanism, analysis category combinations produce so few expected out¬ 
comes that we were not provided the corresponding signal histograms; in the end we have 
histograms for 41 of the 45 combinations. 

We fit the signal function, (8), to these histograms and estimate the signal strength, c m , 
and signal width, e. We then extrapolate from the three signal masses we were given to obtain 
the signal function corresponding to other masses. We pool the data for all nine analysis 
categories and bin the data according to the signal histograms with 322 bins. Figure 1 shows 
the histogram of the data. The reason for pooling the analysis categories is that some of these 
categories have very few data points and that the computational burden of a full analysis 
exceeded our capabilities. We also use the sum of the signal functions over the production 
modes and analysis categories as a single signal function for each mass. 

Note that, in principle, our method can handle the complications produced by having 
several combinations of production mechanism/decay mode/analysis category. However, 
simulated data is provided to us for only one decay mode and in practice, low event counts 
in some of the analysis categories can be a source of problems in making inference separately 
in these categories. 


14 


o 
o 
o 

o 

o - 
00 

o 

o - 

CD 

o 

o - 

o 

o - 

C\J 

o - 

I I I I I 

100 120 140 160 180 

mass 

Figure 1: Simulated data representing the invariant masses of events 

4.2 Inference 

Following the model introduced in Section 2, the background is modelled as a log-Gaussian 
process with known prior mean. The prior mean for the background function is chosen to be 
a fourth-order Bernstein polynomial function that is a typical parametric form in the current 
practice, 

4 

£(*) = ^2 b i9i( z )i ( 37 ) 

i =0 

where £ G ( 0 , 1 ) is an affine transformation of mass (m € (mo,m n )), into the unit inter¬ 
val. This transformation helps specification of the correlation parameter, 77 , in the spatial 
covariance function, ( 6 ). The basis functions, gi(z), are given by, 

= CV(1- Z )“"‘, (38) 

and bi, the polynomial coefficients are selected by fitting the polynomial to the data. In 
practice, the known mean function can be obtained from Monte Carlo background-only data 
as is typically done to determine a parametric model for the background (Aad et ah, 2014). 
Here, in the absence of any other source of information to elicit the prior mean, we use 
a polynomial fit to the data. This choice resembles empirical Bayes where the maximum 
likelihood of the hyperparameters are used to determine the prior. A fixed mean function 
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allows us to use assumptions that are typically made about the background function while 
letting the data decide if these assumptions are legitimate: the log-Gaussian process with 
diffuse hyperpriors on the covariance parameters rj and a 2 allows deviations from the mean 
function if the data contains information about such deviations. 

The prior distribution defined for the parameter m is a mixture distribution given by, 


n(m H ) 


0.5 

0.5 

m n rriQ 


rriH = 0 

m H e (m 0 ,m n ). 


(39) 


This is a “non-informative” prior given the original formulation of the problem as testing 
the hypothesis H 0 : “no Higgs”, against Hi : “Higgs with mass rn h G (m 0 ,m n )”. This 
prior assigns half of the probability mass to each model. We also tried a “uniform” prior 
that assigns equal probability to all values of m including rn — 0 that resulted in posterior 
samples consistent with the one presented in the paper (Figures 2 and 3). 

The sampling step in Algorithm 1 is performed by generating the background and mass 
from proposal distributions followed by an accept/reject step. The proposal distribution 
for the background at time t + 1 is a log-Gaussian distribution with mean equal to the 
background at time t and covariance matrix following the prior covariance structure but 
scaled according to the posterior variances at time t. The proposal distribution for m is 
determined adaptively by estimating the marginal distribution of m given y at time t as 


M m I y) 


Eili i (mj=0) 


N 


Sill 1 (rngg) 

N 


CM 


m — 0 

m % 0 . 


(40) 


where ((rn) is a kernel density estimate of the distribution of rn ^ 0 at time t. The temper¬ 
ature schedule, {ry}, is chosen to be a grid of size 20 on [0,1]. 

The results, in terms of the posterior samples of mass and background curves over the 
20 steps of the sequential algorithm, are presented in Figures 2 and 3 respectively. Figure 2 
shows kernel density estimates of the posterior distribution of mass, mn, along the sequence 
of densities. The colour of the curves get darker as the sample is trimmed and moved towards 
the target posterior. The red vertical line shows the maximum a posteriori mass value 
(■mn ~ 126). In Figure 3 the gray bands show the 95% credible intervals for the background 
function; the wide bright bands refer to the early steps of the algorithm where curves are 
sampled from the diffuse prior with covariance parameters that result in non-smooth and 
highly variable curves while as the credible bands get darker they become smoother and 
more focused about the target posterior mean. 


4.3 Unknown cross section 

In our model introduced in Section 2 and the analysis of the simulated data above, we use 
the cross section of the Higgs particle predicted by the SM. In this section we discuss a 
version of our Bayesian hierarchical model in which the uncertainty about the cross section 
is incorporated. This model is defined by replacing the signal function s mH in (10) by 
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Figure 2: The results of the analysis of the simulated data representing the posterior density 
of the mass evolving through the sequential sampler as the likelihood is induced into the 
power posterior sequentially. The estimated mass of the Higgs particle (% « 126) is 
specified by the vertical red line. 


fis mH where / x, is a unitless parameter similar to the one used in the discovery stage of the 
current procedure. However, we note that our inference results for the parameter fi are not 
comparable to those in the literature (e.g. this report 1 ). The reason is that our signal function 
does not match the one used in the current analysis of the Higgs data. Moreover, we multiply 
the overall signal function, i.e., the sum of the signal functions over the production modes 
and analysis categories, by parameter /i rather than fitting the cross section separately for 
each production mode. We emphasize once more that this could be done in our framework in 
principle but since the simulated data contains too few data points in some of the production 
mode/analysis categories we implement the model only for the data aggregated over all the 
combination categories. 

In the Bayesian framework, the cross section uncertainty can be incorporated by adding 
the corresponding parameter to the model together with a prior distribution. However, 
with free parameters in both the background and signal functions inference can be more 
challenging since the posterior surface is likely to be multimodal: by letting the signal 
strength vary the likelihood may take the same value for two very different scenarios: p ~ 0 
with a background function with a short length scale (small correlation) that fits any small 

1 https://twiki.cern.ch/twiki/bin/view/CMSPublic/Higl2020TWiki 
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Figure 3: The results of the analysis of the simulated data representing the target posterior 
for the background and the posterior background mean plus the signal function centred at 
the maximum a posteriori mass. The estimated mass of the Higgs particle {mu ~ 126) is 
specified by the vertical red line. 


bump in the data; and /i > 0 with a smooth background. To avoid such situations we use 
an informative prior for the cross section. We use a log-normal prior distribution for /i with 
parameters 0 and 0.05 taking most of its probability mass between 0.85 and 1.2. 

The results of fitting this model to the simulated data are presented in Figure 4 in form 
of samples and estimated contours of the joint posterior distribution of the mass and the 
cross section parameter. The estimate of the joint posterior mode is specified with the cross 
and the box contains the top 68% of the joint posterior. As mentioned earlier the value of 
the estimate for the cross section parameter is meaningless and pointless to compare with 
estimates given in previous analysis since, due to lack of access to real data and signal 
information, we have made a number of arbitrary choices here. Instead, the purpose of this 
section is to demonstrate the capability of the Bayesian approach to adapt to the uncertain 
cross section scenario. 

4.4 Calibrated discovery threshold and the decision set 

We run Algorithm 2 for the model introduced in Section 2 to obtain the discovery threshold. 
The lower (3 x 10~ 7 )100% quantile of the null distribution of the posterior probability, 
7r(0 | y) is go = 0.0066. The discovery decision based on the simulated data, y S i m is made 
by comparing the estimated null posterior probability to the obtained threshold. The SMC- 
based point estimate of 7r(0 | y sim ) is zero, i.e., no samples with m = 0 remain in the final 
posterior sample of size 5,000. A conservative 90% upper limit on this estimate would be 
about 0.0063 which is smaller than the discovery threshold. Therefore, we conclude that the 
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Figure 4: The joint posterior samples of the mass and the cross section parameter. The cross 
shows the joint posterior mode estimated by kernel density estimation. The contours are the 
kernel density estimates of the joint posterior. The rectangle is the box that contains the 
top 68% of the posterior sample. 


simulated data contains adequate evidence of the existence of the Higgs particle. 

Having concluded that 0 ^ S', to obtain the final decision set we only need to obtain the 
exclusion thresholds, q(m), for m E (100,180), such that, 

P(ir(m | y) < q(m) \ m) = a 2 , (41) 

where a 2 = 0.05 is a common choice. Obtaining the exclusion thresholds is analogous to 
that of discovery threshold given in Section 3.2. Since the exclusion controlled error rates 
are not as small as the discovery thresholds even basic Monte Carlo can provide accurate 
estimates. However, the approximation in (22) is pointwise and the computational burden 
increases with the size of the mass grid. Therefore, the total computational time for the 
exclusion step is 0(N 2 x M) for a mass grid of size N and M Monte Carlo iterations. To 
reduce the computational cost and given that the exclusion step is not as sensitive as the 
discovery step we use a coarse discretization of the mass spectrum and use a kernel smooth of 
the exclusion thresholds for this coarse grid. Figure 5 shows the exclusion threshold together 
with the histogram of the posterior sample of mass in the search window. The boundaries 
of the decision set are determined by the mass values where the estimated posterior density 
is higher than the exclusion threshold. These boundaries are specified in Figure 5 by the 
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Figure 5: Exclusion threshold plotted over the histogram of the posterior sample of mass 
together with the decision and Bayesian credible intervals. In (b) the y axis is limited to 
small densities for better visualization, the points are the decision thresholds obtained for 
the coarse grid over the mass. 


vertical dashed grey lines. In addition to the decision interval we provide the 95% Bayesian 
credible interval, denoted by Sb that satisfies 

/ 7T (m | y) = 0.95. (42) 

Js B 

An estimate of Sb is obtained as an interval whose lower and upper limits are given by the 
0.025 and 0.975 sample quantiles of the posterior over mass: Sb = (124.26,127.46) shown 
by the vertical dashed red lines. The decision set obtained by the exclusion threshold cuts 
is S — (122.5,128) which is more conservative than the Bayesian credible set. 

5 Conclusion and Discussion 

We have proposed a Bayesian procedure that can be used as an alternative to the detec¬ 
tion/exclusion method used in the search for the Higgs particle. In a decision theoretic 
framework, we define a linear loss function that summarizes the possible outcomes of search 
for a new particle with the associated losses. The Bayes rule is obtained by minimizing the 
expected loss and is the basis of decision making. 

We introduce a Bayesian hierarchical model to make Bayesian inference about the mass 
of the Higgs particle (the parameter of interest) as well as the background function. A 
sequential Monte Carlo algorithm is used to obtain samples from the posterior distributions 
of the model parameters. The model is fit to data produced by computer models that 
simulate the behaviours of the detectors. The analysis results are consistent with the analysis 
of the real Higgs data reported in physics literature - the posterior distribution of the mass 
is peaked about the reported mass of the Higgs particle ( Jhatrchyan et ah, 2012; Aad et al., 
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201:’). The 95% credible Bayesian interval is reported as the set of credible values of the 
Higgs boson based on this analysis. 

Our Bayes procedure can be calibrated to give required frequency-theory-error-rates. A 
calibration algorithm is proposed in which the posterior distributions are obtained by a fast 
Laplace approximation instead of SMC thereby making the calibration step computationally 
feasible. An importance Monte Carlo for simulation of rare events is proposed that enables 
us to calibrate the Bayes procedure to meet the small type 1 error rate typically used in 
particle physics. We calibrate our procedure according to the error rate requirements in 
particle physics. A decision set is reported that excludes the null hypothesis (the hypothesis 
of “no Higgs”) and contains a range of masses that remain plausible according to discovery 
and exclusion error rates of 3 x 10“' and 0.05 respectively. 

An interesting observation is the similarity of the nature of our procedure to that of 
Feldman and Cousins (1998) for constructing confidence intervals that was brought to our 
attention by a referee. Feldman and Cousins (1998) discuss the coverage issues of confidence 
intervals that are built based on the two step procedure without proper conditioning and 
propose a method for constructing confidence intervals based on ranking the ratio of the 
likelihood under the null and alternative models. Our method is similar to this approach in 
that the posterior odds are used for constructing the decision set. 

We now revisit the criticisms/questions that were mentioned in Section 1 about the 
current practice and explain what makes our proposed methodology different and preferable. 
In regard to the treatment of the cross section parameter, we introduce our model with the 
theoretical value of the cross section and argue that if the information is provided by the 
theory it should be used consistently in the search procedure as oppose to the current practice 
that makes use of this information only at the exclusion step. On the other hand if there is 
uncertainty associated with the cross section given by the theory, this uncertainty must be 
incorporated into the model. We address the global versus local error rates issue by defining 
a decision making procedure that can be calibrated to meet global frequency-theory-error- 
rates while under the current practice the local type 1 error rates are controlled and the 
global error rate is yet to be quantified. 

Another issue with the current practice is the independent local hypothesis testing over 
the mass spectrum in which it is unclear what the decision would be if more than one local 
hypothesis test are significant in the discovery step. Under the proposed procedure, however, 
discovery is only associated with the exclusion of m = 0 in the decision set. Then any mass 
interval that remains in the decision set is considered as possible mass of the Higgs particle. 
It is worth mentioning that detecting well-separated peaks in the posterior of the mass is 
possible under our procedure. 
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A Proof of Theorem 1 


Proof. Consider the problem of deciding whether or not mass value m* G M. should be 
included in the decision set. Following the Bayes rule, m* is included if the change in risk 
associated with inclusion of m* is negative. To avoid measure theoretic complications we 
restrict the decision space to finite unions of open intervals and {0}. First, consider the case 
that m* G (mo,m„). Since the prior distribution of m on the interval (mo,m„) is absolutely 
continuous, the addition of any point like m* (as well as any other zero measure set) to the 
decision set leaves the risk unchanged. Let S be the decision set before including m*. We 
consider the change in the risk as a result of adding the interval (m* — S,m* + 5) for very 
small § to S. Let So = S U (m* — S,m* + 5). We include m* in the final decision set if and 
only if, 

r(S 0 ) - r(S ) < 0, (43) 

where 


p pm*-\-S i * 

r(So) — r(S) — / l(m)dm + / l(m)dm+ / C(m)n(rn \ y)dm (44) 

J Sn(mo,m n ) Jm*—5 J S c n(mo,m n ) 

pm*-\-5 r p 

— / C(m)7r(m \ y)dm — / l(m)dm — / C(rn)7r(m \ y)dm 

Jm*—S J Sn(mo,m n ) JS c n(mo,m n ) 

(45) 


= {l(m*) — C(m*)n(m* \ y)} 26 + o(<5). 


(46) 


The above expression is negative for all sufficiently small 5 > 0 if and only if 


l(m*) — C(m*)Tr(m* | y) < 0, 


(47) 


or 


l(m* 

C(m* 


< 7T(m* | y). 


(48) 


For the case that m* = 0, let S 0 = S U {0}, 


r(S 0 )-r(S) = 


' Sn(mo,m n ) 


l(m)dm + /(0) (1 - 7r(0 j y)) + 


'5 c n(mo,m n ) 


C(m)n(m \ y)dm 


l(m)dm 


- C(0)7r(0 | y) — / 

J Sn(mo,m „) 

= /(0)(l-vr(0|y))-C(0)7r(0|y). 


'5 c n(mo,m n ) 


(49) 

C(m)n(m \ y )dm (50) 
(51) 


Therefore, 0 is added to S if 


/(0) (1 - vr(0 I y)) - C(0)vr(0 | y) < 0 

*( 0 ) ^(01 y ) 

C(0) 1 — 7r(0 I y)' 


(52) 

(53) 

□ 
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B Likelihood Expansion Terms - explicit expressions 
for (25-28) 


where, 


9i{V) = ~ exp('h) - Si + yi log (exp (vp) + Si ) - 


Si = s mH (m)dm 


'mi-1 


(54) 

(55) 


OiW =#)-3!(^ + 


#1^2 


= - exp('I') - Si + y, log (exp (4/) + s t ) - log(yJ.) 
exp('h) 


exp('h) - i/i 


+ — exp('h) + y, 


exp('h) + s 
exp('h)s 




(exp('h) + Si) 2 




(56) 


bi(*) =gi(*)* + 

= -exp('h)(l - 4') + ih 


exp('h) 


-(1 


4/s, 


exp('h) + Si v exp('h) + 


(57) 




g_m 

2 


1 

2 


exp(vp)(l - i H 


exp(4>)^ 
(exp (4/) + Si) 2 


(58) 


23 



References 

Aad, G., Abajyan, T., Abbott, B., Abdallah, J., Abdel Khalek, S., Abdelalim, A. A., Ab- 
dinov, 0., Aben, R., Abi, B., Abolins, M., AbouZeid, O. S., Abramowicz, H., Abreu, H., 
Acharya, B. S., Adamczyk, L., Adams, D. L., Addy, T. N., Adelman, J., Adomeit, S., 
Adragna, P., Adye, T., Aefsky, S., Aguilar-Saavedra, J. A., Agustoni, M., Aharrouche, 
M., Ahlen, S. P., Ahles, F., Ahmad, A., Ahsan, M., Aiclli, G., Akdogan, T., Akesson, T. 
P. A., Akimoto, G., Akimov, A. V., Alam, M. S., Alam, M. A., Albert, J., Albrand, S., 
Aleksa, M., Aleksandrov, I. N., Alessandria, F., Alexa, C., Alexander, G., Alexandre, G., 
Alexoponlos, T., Alhroob, M., Aliev, M., Alimonti, G., Alison, J., Allbrooke, B. M. M., 
Allport, P. P., Allwood-Spiers, S. E., Almond, J., Aloisio, A., Alon, R., Alonso, A., Alonso, 
F., Althcimer, A., Alvarez Gonzalez, B., Alviggi, M. G., Amako, K., Amclung, C., Am¬ 
mosov, V. V., Amor Dos Santos, S. P., Amorim, A., Amram, N., Anastopoulos, C., Ancn, 

L. S., Andari, N., Andeen, T., Anders, C. F., Anders, G., Anderson, K. J., Andreazza, 
A., Andrei, V., Andrienx, M. L., Andnaga, X. S., Angelidakis, S., Anger, P., Angerami, 
A., Anghinolh, F., Anisenkov, A., Anjos, N., Annovi, A., Antonaki, A., Antonelli, M., 
Antonov, A., Antos, J., Anulli, F., Aoki, M., Aonn, S., Aperio Bella, L., Apolle, R., Ara- 
bidze, G., Aracena, I., Aral, Y., Arce, A. T. H., Arfaoui, S., Argnin, J. F., Arik, E., Arik, 

M. , Armbruster, A. J., Arnaez, O., Arnal, V., Arnault, C., Artamonov, A., Artoni, G., 
Arutinov, D., Asai, S., Ask, S., Asman, B., Asquith, L., Assamagan, K., Astbury, A., 
Atkinson, M., Aubert, B., Auge, E., Augsten, K., Aurousseau, M., Avolio, G., Avrarni- 
dou, R., Axen, D., Azuelos, G., Azuma, Y., Baak, M. A., Baccaglioni, G., Bacci, C., Bach, 
A. M., Bachacou, H., Bachas, K., Backes, M., Backhaus, M., Backus Mayes, J., Badescu, 
E., Bagnaia, P., Bahinipati, S., Bai, Y., Bailey, D. C., Bain, T., Baines, J. T., Baker, 
O. K., Baker, M. D., Baker, S., Balek, P., Banas, E., Banerjee, P., Banerjee, S., Banfi, D., 
Bangert, A., Bansal, V., Bansil, H. S., Barak, L., Baranov, S. P., Barbaro Galtieri, A., Bar¬ 
ber, T., Barberio, E. L., Barberis, D., Barbero, M., Bardin, D. Y., Barillari, T., Barisonzi, 
M., Barklow, T., Barlow, N., Barnett, B. M., Barnett, R. M., Baroncclli, A., Barone, G., 
Barr, A. J., Barreiro, F., Barreiro Guimaraes da Costa, J., Barrillon, P., Bartoldus, R., 
Barton, A. E., Bartsch, V., Basye, A., Bates, R. L., Batkova, L., Batley, J. R., Battaglia, 
A., Battistin, M., Bauer, F., Bawa, H. S., Beale, S., Beau, T., Beauchemin, P. H., Bec- 
cherle, R., Bechtlc, P., Beck, H. P., Becker, A. K., Becker, S., Beckingham, M., Becks, 

K. H., Beddall, A. J., Beddall, A., Bedikian, S., Bednyakov, V. A., Bee, C. P., Beemster, 

L. J., Begcl, M., BeharHarpaz, S., Behera, P. K., Beimforde, M., Bclanger-Champagne, C., 
Bell, P. J., Bell, W. H., Bella, G., Bcllagamba, L., Bcllomo, M., Belloni, A., Beloborodova, 
O., Bclotskiy, K., Beltramcllo, O., Benary, O., Benchekroun, D., Bendtz, K., Benekos, N., 
Benhammou, Y., Benhar Noccioli, E., Benitez Garcia, J. A., Benjamin, D. P., Benoit, 

M. , Bensinger, J. R., Benslama, K., Bentvelsen, S., Berge, D., Bergeaas Kuutmann, E., 
Berger, N., Berghaus, F., Berglund, E., Beringer, J., Bernat, P., Bernhard, R., Bernius, 
C., Bcrnlochner, F. U., Berry, T., Bertclla, C., Bertin, A., Bertolucci, F., Besana, M. I., 
Besjes, G. J., Besson, N., Bethke, S., Bhimji, W., Bianchi, R. M., Bianco, M., Biebcl, O., 
Bicniek, S. P., Bierwagen, K., Biesiada, J., Biglietti, M., Bilokon, H., Bindi, M., Binet, 
S., Bingul, A., Bini, C., Biscarat, C., Bittner, B., Black, K. M., Blair, R. E., Blanchard, 


24 



J. B., Blanchot, G., Blazek, T., Bloch, I., Blocker, C., Blocki, J., Blondel, A., Blum, W., 
Blumenschein, U., Bobbink, G. J., Bobrovnikov, V. B., Bocchetta, S. S., Bocci, A., Boddy, 

C. R., Boehler, M., Boek, J., Boelaert, N., Bogaerts, J. A., Bogdanchikov, A., Bogouch, 
A., Bohm, C., Bohm, J., Boisvert, V., Bold, T., Boldea, V., Bolnet, N. M., Bomben, M., 
Bona, M., Boonekamp, M., Bordoni, S., Borer, C., Borisov, A., Borissov, G., Borjanovic, I., 
Borri, M., Borroni, S., Bortolotto, V., Bos, K., Boscherini, D., Bosnian, M., Boterenbrood, 
H., Bouchami, J., Boudreau, J., Bouhova-Thacker, E. V., Boumediene, D., Bourdarios, 

C. , Bousson, N., Boveia, A., Boyd, J., Boyko, I. R., Bozovic-Jelisavcic, I., Bracinik, J., 
Branching P., Brandenburg, G. W., Brandt, A., Brandt, G., Brandt, O., Bratzler, U., 
Brau, B., Brau, J. E., Braun, H. M., Brazzale, S. F., Brclier, B., Bremer, J., Brendlinger, 

K. , Brenner, R., Bressler, S., Britton, D., Brochu, F. M., Brock, I., Brock, R., Broggi, 
F., Bromberg, C., Bronner, J., Brooijmans, G., Brooks, T., Brooks, W. K., Brown, G., 
Brown, H., Bruckman de Renstrom, P. A., Bruncko, D., Bruneliere, R., Brunet, S., Bruni, 
A., Bruni, G., Bruschi, M., Buanes, T., Buat, Q., Bucci, F., Buchanan, J., Buchholz, P., 
Buckingham, R. M., Buckley, A. G., Buda, S. I., Budagov, I. A., Budick, B., Biischer, V., 
Bugge, L., Bulekov, O., Bundock, A. C., Bunse, M., Buran, T., Burckhart, H., Burdin, S., 
Burgess, T., Burke, S., Busato, E., Bussey, P., Buszcllo, C. P., Butler, B., Butler, J. M., 
Buttar, C. M., Butterworth, J. M., Buttinger, W., Cabrera Urban, S., Caforio, D., Cakir, 

O. , Calafiura, P., Calderini, G., Calfayan, P., Calkins, R., Caloba, L. P., Caloi, R., Calvet, 

D. , Calvet, S., Camacho Toro, R., Camarri, P., Cameron, D., Caminada, L. M., Cam- 
inal Armadans, R., Campana, S., Campanelli, M., Canale, V., Canclli, F., Canepa, A., 
Cantero, J., Cantrill, R., Capasso, L., Capeans Garrido, M. D. M., Caprini, I., Caprini, M., 
Capriotti, D., Capua, M., Caputo, R., Cardarclli, R., Carli, T., Carlino, G., Carminati, L., 
Caron, B., Caron, S., Carquin, E., Carrillo-Montoya, G. D., Carter, A. A., Carter, J. R., 
Carvalho, J., Casadei, D., Casado, M. P., Cascella, M., Caso, C., Castaneda Hernandez, 
A. M., Castaneda-Miranda, E., Castillo Gimenez, V., Castro, N. F., Cataldi, G., Catastini, 

P. , Catinaccio, A., Catmore, J. R., Cattai, A., Cattani, G., Caughron, S., Cavaliere, V., 
Cavallcri, P., Cavalli, D., Cavalli-Sforza, M., Cavasinni, V., Ceradini, F., Cerqueira, A. S., 
Cerri, A., Cerrito, L., Cerutti, F., Cetin, S. A., Chafaq, A., Chakraborty, D., Chalup- 
kova, I., Chan, K., Chang, P., Chapleau, B., Chapman, J. D., Chapman, J. W., Chareyre, 

E. , Charlton, D. G., Chavda, V., Chavez Barajas, C. A., Cheatham, S., Chekanov, S., 
Chekulaev, S. V., Chelkov, G. A., Chelstowska, M. A., Chen, C., Chen, H., Chen, S., 
Chen, X., Chen, Y., Cheng, Y., Cheplakov, A., Cherkaoui El Moursli, R., Chernyatin, V., 
Cheu, E., Cheung, S. L., Chevalier, L., Chiefari, G., Chikovani, L., Childers, J. T., Chilin¬ 
garov, A., Chiodini, G., Chisholm, A. S., Chislctt, R. T., Chitan, A., Chizhov, M. V., 
Choudalakis, G., Chouridou, S., Christidi, I. A., Christov, A., Chromek-Burckhart, D., 
Chu, M. L., Chudoba, J., Ciapetti, G., Ciftci, A. K., Ciftci, R., Cinca, D., Cindro, V., 
Ciocca, C., Ciocio, A., Cirilli, M., Cirkovic, P., Citron, Z. H., Citterio, M., Ciubancan, M., 
Clark, A., Clark, P. J., Clarke, R. N., Clcland, W., Clemens, J. C., Clement, B., Clement, 
C., Coadou, Y., Cobal, M., Coccaro, A., Cochran, J., Coffey, L., Cogan, J. G., Cogge- 
shall, J., Cogneras, E., Colas, J., Cole, S., Colijn, A. P., Collins, N. J., Collins-Tooth, 
C., Collot, J., Colombo, T., Colon, G., Compostella, G., Conde Muino, P., Coniavitis, 


25 



E., Conidi, M. C., Consonni, S. M., Consorti, V., Constantinescu, S., Conta, C., Conti, 
G., Conventi, F., Cooke, M., Cooper, B. D., Cooper-Sarkar, A. M., Cooper-Smith, N. J., 
Copic, K., Cornelissen, T., Corradi, M., Corriveau, F., Cortes-Gonzalez, A., Cortiana, G., 
Costa, G., Costa, M. J., Costanzo, D., Cote, D., Courneyea, L., Cowan, G., Cowden, C., 
Cox, B. E., Cranmer, K., Crescioli, F., Cristinziani, M., Crosetti, G., Crepe-Renaudin, 

S. , Cuciuc, C. M., Cuenca Almenar, C., Cuhadar Donszelmann, T., Curatolo, M., Curtis, 

C. J., Cuthbert, C., Cwetanski, P., Czirr, H., Czodrowski, P., Czyczula, Z., DAuria, S., 
DOnofrio, M., DOrazio, A., Da Cunha Sargedas De Sousa, M. J., Da Via, C., Dabrowski, 
W., Dafinca, A., Dai, T., Dallapiccola, C., Dam, M., Dameri, M., Damiani, D. S., Daniels- 
son, H. O., Dao, V., Darbo, G., Darlea, G. L., Dassoulas, J. A., Davey, W., Davidek, 

T. , Davidson, N., Davidson, R., Davies, E., Davies, M., Davignon, O., Davison, A. R., 
Davygora, Y., Dawe, E., Dawson, I., Daya-Ishmukhametova, R. K., De, K., de Asmundis, 

R. , De Castro, S., De Cecco, S., de Graat, J., De Groot, N., de Jong, P., De La Taillc, C., 
De la Torre, H., De Lorenzi, F., de Mora, L., De Nooij, L., De Pedis, D., De Salvo, A., 
De Sanctis, U., De Santo, A., De Vivie De Regie, J. B., De Zorzi, G., Dearnaley, W. J., 
Debbe, R., Debenedetti, C., Dechenaux, B., Dedovich, D. V., Degenhardt, J., Del Papa, 

C. , Del Peso, J., Del Prete, T., Delemontex, T., Deliyergiyev, M., DellAcqua, A., Del- 
lAsta, L., Della Pietra, M., della Volpe, D., Delmastro, M., Delpierre, P., Dclsart, P. A., 
Deluca, C., Demers, S., Demichev, M., Demirkoz, B., Deng, J., Denisov, S. P., Derendarz, 

D. , Derkaoui, J. E., Derue, F., Dervan, P., Desch, K., Devetak, E., Deviveiros, P. O., 
Dewhurst, A., DeWilde, B., Dhaliwal, S., Dhullipudi, R., Di Ciaccio, A., Di Ciaccio, L., 
Di Donato, C., Di Girolamo, A., Di Girolamo, B., Di Luise, S., Di Mattia, A., Di Micco, B., 
Di Nardo, R., Di Simone, A., Di Sipio, R., Diaz, M. A., Diehl, E. B., Dietrich, J., Dietzsch, 
T. A., Diglio, S., Dindar Yagci, K., Dingfelder, J., Dinut, F., Dionisi, C., Dita, P., Dita, 

S. , Dittus, F., Djama, F., Djobava, T., do Vale, M. A. B., Do Valle Wemans, A., Doan, T. 
K. O., Dobbs, M., Dobinson, R., Dobos, D., Dobson, E., Dodd, J., Doglioni, C., Doherty, 

T. , Doi, Y., Dolejsi, J., Dolcnc, I., Dolezal, Z., Dolgoshein, B. A., Dohmae, T., Donadelli, 
M., Donini, J., Dopke, J., Doria, A., Dos Anjos, A., Dotti, A., Dova, M. T., Dowell, J. D., 
Doxiadis, A. D., Doyle, A. T., Dressnandt, N., Dris, M., Dubbert, J., Dube, S., Duchovni, 

E. , Duckeck, G., Duda, D., Dudarev, A., Dudziak, F., Duhrssen, M., Duerdoth, I. P., Du- 
flot, L., Dufour, M. A., Duguid, L., Dunford, M., Duran Yildiz, H., Duxfield, R., Dwuznik, 
M., Dydak, F., Duren, M., Ebenstein, W. L., Ebke, J., Eckwcilcr, S., Edmonds, K., Edson, 
W., Edwards, C. A., Edwards, N. C., Ehrenfeld, W., Eifert, T., Eigen, G., Einsweiler, K., 
Eisenhandler, E., Ekelof, T., El Kacimi, M., Ellert, M., Elies, S., Ellinghaus, F., Ellis, K., 
Ellis, N., Elmsheuser, J., Elsing, M., Emeliyanov, D., Engelmann, R., Engl, A., Epp, B., 
Erdmann, J., Ereditato, A., Eriksson, D., Ernst, J., Ernst, M., Ernwein, J., Errede, D., 
Errede, S., Ertcl, E., Escalier, M., Esch, H., Escobar, C., Espinal Curull, X., Esposito, B., 
Etienne, F., Etienvre, A. I., Etzion, E., Evangclakou, D., Evans, H., Fabbri, L., Fabre, 
C., Fakhrutdinov, R. M., Falciano, S., Fang, Y., Fanti, M., Farbin, A., Farilla, A., Far¬ 
ley, J., Farooque, T., Farrell, S., Farrington, S. M., Farthouat, P., Fassi, F., Fassnacht, 
P., Fassouliotis, D., Fatholahzadeh, B., Favareto, A., Fayard, L., Fazio, S., Febbraro, R., 
Federic, P., Fedin, O. L., Fedorko, W., Fehling-Kaschek, M., Feligioni, L., Fellmann, D., 


26 



Feng, C., Feng, E. J., Fenyuk, A. B., Ferencei, J., Fernando, W., Ferrag, S., Ferrando, J., 
Ferrara, V., Ferrari, A., Ferrari, P., Ferrari, R., Ferreira de Lima, D. E., Ferrer, A., Ferrere, 
D., Ferretti, C., Ferretto Parodi, A., Fiascaris, M., Fiedler, F., Filipcic, A., Filthaut, F., 
Fincke-Keeler, M., Fiolhais, M. C. N., Fiorini, L., Firan, A., Fischer, G., Fisher, M. J., 
Flechl, M., Fleck, I., Fleckner, J., Fleischmann, P., Fleischmann, S., Flick, T., Floderus, 
A., Flores Castillo, L. R., Flowerdew, M. J., Fonseca Martin, T., Formica, A., Forti, A., 
Fortin, D., Fournier, D., Fowler, A. J., Fox, H., Francavilla, P., Franchini, M., Franchino, 

S., Francis, D., Frank, T., Franklin, M., Franz, S., Fraternali, M., Fratina, S., French, 
S. T., Friedrich, C., Friedrich, F., Froeschl, R., Froidevaux, D., Frost, J. A., Fukunaga, C., 
Fullana Torregrosa, E., Fulsom, B. G., Fuster, J., Gabaldon, C., Gabizon, O., Gadatsch, 

S., Gadfort, T., Gadomski, S., Gagliardi, G., Gagnon, P., Galea, C., Galhardo, B., Gal- 
las, E. J., Gallo, V., Gallop, B. J., Gallus, P., Gan, K. K., Gao, Y. S., Gaponenko, A., 
Garberson, F., Garcia-Sciveres, M., Garcia, C., Garcia Navarro, J. E., Gardner, R. W., 
Garclli, N., Garitaonandia, H., Garonne, V., Gatti, C., Gaudio, G., Gaur, B., Gauthier, 

L. , Gauzzi, P., Gavrilenko, I. L., Gay, C., Gaycken, G., Gazis, E. N., Ge, P., Geese, Z., 
Gee, C. N. P., Geerts, D. A. A., Geich-Gimbel, C., Gcllerstedt, K., Gemme, C., Gem- 
mell, A., Genest, M. H., Gentile, S., George, M., George, S., Gerlach, P., Gershon, A., 
Geweniger, C., Ghazlane, H., Ghodbane, N., Giacobbe, B., Giagu, S., Giakoumopoulou, 
V., Giangiobbe, V., Gianotti, F., Gibbard, B., Gibson, A., Gibson, S. M., Gilchriese, M., 
Gildemeister, O., Gillberg, D., Gillman, A. R., Gingrich, D. M., Ginzburg, J., Giokaris, 
N., Giordani, M. P., Giordano, R., Giorgi, F. M., Giovannini, P., Giraud, P. F., Giugni, D., 
Giunta, M., Giusti, P., Gjelsten, B. K., Gladilin, L. K., Glasman, C., Glatzer, J., Glazov, 
A., Glitza, K. W., Glonti, G. L., Goddard, J. R., Godfrey, J., Godlewski, J., Goebel, M., 
Gopfert, T., Goeringer, C., Gossling, C., Goldfarb, S., Golling, T., Gomes, A., Gomez Fa¬ 
jardo, L. S., Gongalo, R., Goncalves Pinto Firmino Da Costa, J., Gonclla, L., Gonzalez 
de la Hoz, S., Gonzalez Parra, G., Gonzalez Silva, M. L., Gonzalez-Sevilla, S., Goodson, 
J. J., Goossens, L., Gorbounov, P. A., Gordon, H. A., Gorelov, I., Gorhne, G., Gorini, B., 
Gorini, E., Gorisek, A., Gornicki, E., Gosdzik, B., Goshaw, A. T., Gosselink, M., Gostkin, 

M. I., Gough Eschrich, I., Gouighri, M., Goujdami, D., Goulette, M. P., Goussiou, A. G., 
Goy, C., Gozpinar, S., Grabowska-Bold, I., Grafstrom, P., Grahn, K. J., Gramstad, E., 
Grancagnolo, F., Grancagnolo, S., Grassi, V., Gratchev, V., Grau, N., Gray, H. M., Gray, 
J. A., Graziani, E., Grebenyuk, O. G., Greenshaw, T., Greenwood, Z. D., Gregersen, K., 
Gregor, I. M., Grenier, P., Griffiths, J., Grigalashvili, N., Grillo, A. A., Grinstein, S., 
Gris, P., Grishkevich, Y. V., Grivaz, J. F., Gross, E., Grosse-Knetter, J., Groth-Jensen, 
J., Grybcl, K., Guest, D., Guicheney, C., Guillcmin, T., Guindon, S., Gul, Lb, Gunther, 
J., Guo, B., Guo, J., Gutierrez, P., Guttman, N., Gutzwiller, O., Guyot, C., Gwenlan, C., 
Gwilliam, C. B., Haas, A., Haas, S., Haber, C., Hadavand, H. K., Hadley, D. R., Haefner, 
P., Hahn, F., Haider, S., Hajduk, Z., Hakobyan, H., Hall, D., Haller, J., Hamacher, K., 
Hamal, P., Hamano, K., Hamer, M., Hamilton, A., Hamilton, S., Han, L., Hanagaki, K., 
Hanawa, K., Hance, M., Handel, C., Hanke, P., Hansen, J. R., Hansen, J. B., Hansen, J. D., 
Hansen, P. H., Hansson, P., Hara, K., Hard, A. S., Hare, G. A., Harenberg, T., Harkusha, 

S., Harper, D., Harrington, R. D., Harris, O. M., Hartert, J., Hartjes, F., Haruyama, T., 


27 



Harvey, A., Hasegawa, S., Hasegawa, Y., Hassani, S., Haug, S., Hauschild, M., Hauser, R., 
Havranek, M., Hawkes, C. M., Hawkings, R. J., Hawkins, A. D., Hayakawa, T., Hayashi, 
T., Hayden, D., Hays, C. P., Hayward, H. S., Haywood, S. J., Head, S. J., Hedberg, V., 
Heelan, L., Heim, S., Heinemann, B., Heisterkamp, S., Helary, L., Heller, C., Heller, M., 
Heilman, S., Hellmich, D., Helsens, C., Henderson, R. C. W., Henke, M., Henrichs, A., 
Henriques Correia, A. M., Henrot-Versille, S., Hensel, C., Henfi, T., Hernandez, C. M., 
Hernandez Jimenez, Y., Herrberg, R., Herten, G., Hertenberger, R., Hervas, L., Hesketh, 
G. G., Hessey, N. P., Higon-Rodriguez, E., Hill, J. C., Hiller, K. H., Hillert, S., Hillier, 
S. J., Hinchliffe, I., Hines, E., Hirose, M., Hirsch, F., Hirschbuehl, D., Hobbs, J., Hod, N., 
Hodgkinson, M. C., Hodgson, P., Hoecker, A., Hoeferkamp, M. R., Hoffman, J., Hoffmann, 

D. , Hohlfcld, M., Holder, M., Holmgren, S. O., Holy, T., Holzbauer, J. L., Hong, T. M., 
Hooft van Huysduynen, L., Horner, S., Hostachy, J. Y., Hou, S., Hoummada, A., Howard, 

J. , Howarth, J., Hristova, I., Hrivnac, J., Hrynova, T., Hsu, P. J., Hsu, S. C., Hu, D., 
Hubacek, Z., Hubaut, F., Huegging, F., Huettmann, A., Huffman, T. B., Hughes, E. W., 
Hughes, G., Huhtinen, M., Hurwitz, M., Huseynov, N., Huston, J., Huth, J., Iacobucci, 

G. , Iakovidis, G., Ibbotson, M., Ibragimov, I., Iconomidou-Fayard, L., Idarraga, J., Iengo, 
P., Igonkina, O., Ikegami, Y., Ikeno, M., Iliadis, D., Ilic, N., Ince, T., Inigo-Golhn, J., 
Ioannou, P., Iodice, M., Iordanidou, K., Ippolito, V., Irles Quiles, A., Isaksson, C., Ishino, 
M., Ishitsuka, M., Ishmukhametov, R., Issever, C., Istin, S., Ivashin, A. V., Iwanski, W., 
Iwasaki, H., Izen, J. M., Izzo, V., Jackson, B., Jackson, J. N., Jackson, P., Jaekel, M. R., 
Jain, V., Jakobs, K., Jakobsen, S., Jakoubek, T., Jakubek, J., Jamin, D. O., Jana, D. K., 
Jansen, E., Jansen, H., Jantsch, A., Janus, M., Jarlskog, G., Jeanty, L., Jen-La Plante, 
I., Jennens, D., Jenni, P., Loevschall-Jensen, A. E., Jez, P., Jezequcl, S., Jha, M. K., Ji, 

H. , Ji, W., Jia, J., Jiang, Y., Jimenez Bclcnguer, M., Jin, S., Jinnouchi, O., Joergensen, 
M. D., Joffe, D., Johansen, M., Johansson, K. E., Johansson, P., Johnert, S., Johns, K. A., 
Jon-And, K., Jones, G., Jones, R. W. L., Jones, T. J., Joram, C., Jorge, P. M., Joshi, 

K. D., Jovicevic, J., Jovin, T., Ju, X., Jung, C. A., Jungst, R. M., Juranek, V., Jussel, P., 
Juste Rozas, A., Kabana, S., Kaci, M., Kaczmarska, A., Kadlecik, P., Kado, M., Kagan, 
H., Kagan, M., Kajomovitz, E., Kalinin, S., Kalinovskaya, L. V., Kama, S., Kanaya, N., 
Kaneda, M., Kaneti, S., Kanno, T., Kantserov, V. A., Kanzaki, J., Kaplan, B., Kapliy, 
A., Kaplon, J., Kar, D., Karagounis, M., Karakostas, K., Karnevskiy, M., Kartvclishvili, 
V., Karyukhin, A. N., Kashif, L., Kasieczka, G., Kass, R. D., Kastanas, A., Kataoka, 
M., Kataoka, Y., Katsoufis, E., Katzy, J., Kaushik, V., Kawagoe, K., Kawamoto, T., 
Kawamura, G., Kayl, M. S., Kazama, S., Kazanin, V. A., Kazarinov, M. Y., Keeler, R., 
Keener, P. T., Kehoe, R., Keil, M., Kekelidze, G. D., Keller, J. S., Kenyon, M., Kepka, 
O., Kerschen, N., Kersevan, B. P., Kersten, S., Kessoku, K., Keung, J., Khalil-zada, F., 
Khandanyan, H., Khanov, A., Kharchenko, D., Khodinov, A., Khomich, A., Khoo, T. J., 
Khoriauli, G., Khoroshilov, A., Khovanskiy, V., Khramov, E., Khubua, J., Kim, H., Kim, 
S. H., Kirnura, N., Kind, O., King, B. T., King, M., King, R. S. B., Kirk, J., Kiryunin, 
A. E., Kishimoto, T., Kisielewska, D., Kitamura, T., Kittelmann, T., Kiuchi, K., Kladiva, 

E. , Klein, M., Klein, U., Kleinknecht, K., Klemetti, M., Klier, A., Klimek, P., Klimen- 
tov, A., Klingenberg, R., Klinger, J. A., Klinkby, E. B., Klioutchnikova, T., Klok, P. F., 



Klous, S., Kluge, E. E., Kluge, T., Kluit, P., Kluth, S., Kneringer, E., Knoops, E. B. 

F. G., Knue, A., Ko, B. R., Kobayashi, T., Kobcl, M., Kocian, M., Kodys, P., Koneke, K., 
Konig, A. C., Koenig, S., Kopke, L., Koetsvcld, F., Koevesarki, P., Koffas, T., Koffeman, 

E., Kogan, L. A., Kohlmann, S., Kohn, F., Kohout, Z., Kohriki, T., Koi, T., Kolachev, 

G. M., Kolanoski, H., Kolesnikov, V., Koletsou, I., Koll, J., Komar, A. A., Komori, Y., 
Kondo, T., Kono, T., Kononov, A. I., Konoplich, R., Konstantinidis, N., Kopeliansky, 
R., Koperny, S., Korcyl, K., Kordas, K., Korn, A., Korol, A., Korolkov, I., Korolkova, 

E. V., Korotkov, V. A., Kortner, O., Kortner, S., Kostyukhin, V. V., Kotov, S., Kotov, 
V. M., Kotwal, A., Kourkoumelis, C., Kouskoura, V., Koutsman, A., Kowalewski, R., 
Kowalski, T. Z., Kozanecki, W., Kozhin, A. S., Krai, V., Kramarenko, V. A., Kramberger, 
G., Krasny, M. W., Krasznahorkay, A., Kraus, J. K., Kreiss, S., Krejci, F., Kretzschmar, 
J., Krieger, N., Krieger, P., Kroeninger, K., Kroha, H., Kroll, J., Kroseberg, J., Krstic, 

J. , Kruchonak, U., Kruger, H., Kruker, T., Krumnack, N., Krumshteyn, Z. V., Kruse, 
A., Kubota, T., Kuday, S., Kuehn, S., Kugel, A., Kuhl, T., Kuhn, D., Kukhtin, V., Kul¬ 
chitsky, Y., Kuleshov, S., Kum (2012). Observation of a new particle in the search for 
the standard model higgs boson with the atlas detector at the lhc. Physics Letters 5, 
T16(l): 1—29. 

Aad, G., Abbott, B., Abdallah, J., Abdel Khalek, S., Abdinov, O., Aben, R., Abi, B., 
Abolins, M., AbouZeid, O. S., Abramowicz, H., Abreu, H., Abreu, R., Abulaiti, Y., 
Acharya, B. S., Adamczyk, L., Adams, D. L., Adelman, J., Adomeit, S., Adye, T., 
Agatonovic-Jovin, T., Aguilar-Saavedra, J. A., Agustoni, M., Ahlen, S. P., Ahmadov, 

F. , Aielli, G., Akerstedt, H., Akesson, T. P. A., Akimoto, G., Akimov, A. V., Alberghi, 

G. L., Albert, J., Albrand, S., Alconada Verzini, M. J., Aleksa, M., Aleksandrov, 1. N., 
Alexa, C., Alexander, G., Alexandre, G., Alexopoulos, T., Alhroob, M., Alimonti, G., 
Alio, L., Alison, J., Allbrooke, B. M. M., Allison, L. J., Allport, P. P., Aloisio, A., Alonso, 
A., Alonso, F., Alpigiani, C., Altheimer, A., Alvarez Gonzalez, B., Alviggi, M. G., Amako, 

K. , Amaral Coutinho, Y., Amelung, C., Amidei, D., Amor Dos Santos, S. P., Amorim, 
A., Amoroso, S., Arnram, N., Amundsen, G., Anastopoulos, C., Ancu, L. S., Andari, 
N., Andeen, T., Anders, C. F., Anders, G., Anderson, K. J., Andreazza, A., Andrei, V., 
Anduaga, X. S., Angelidakis, S., Angelozzi, 1., Anger, P., Angerami, A., Anghinolfi, F., 
Anisenkov, A. V., Anjos, N., Annovi, A., Antonaki, A., Antonelli, M., Antonov, A., An- 
tos, J., Anulli, F., Aoki, M., Aperio Bella, L., Apolle, R., Arabidze, G., Aracena, I., Aral, 
Y., Araque, J. P., Arce, A. T. H., Arguin, J.-F., Argyropoulos, S., Arik, M., Armbruster, 
A. J., Arnaez, O., Arnal, V., Arnold, H., Arratia, M., Arslan, O., Artamonov, A., Artoni, 
G., Asai, S., Asbah, N., Ashkenazi, A., Asman, B., Asquith, L., Assamagan, K., Astalos, 

R. , Atkinson, M., Atlay, N. B., Auerbach, B., Augsten, K., Aurousseau, M., Avolio, G., 
Azuclos, G., Azuma, Y., Baak, M. A., Baas, A. E., Bacci, C., Bachacou, H., Bachas, K., 
Backes, M., Backhaus, M., Backus Mayes, J., Badescu, E., Bagiacchi, P., Bagnaia, P., 
Bai, Y., Bain, T., Baines, J. T., Baker, O. K., Balek, P., Balli, F., Banas, E., Banerjee, 

S. , Bannoura, A. A. E., Bansal, V., Bansil, H. S., Barak, L., Baranov, S. P., Barberio, 
E. L., Barberis, D., Barbero, M., Barillari, T., Barisonzi, M., Barklow, T., Barlow, N., 
Barnett, B. M., Barnett, R. M., Barnovska, Z., Baroncelli, A., Barone, G., Barr, A. J., 


29 



Barreiro, F., Barreiro Guimaraes da Costa, J., Bartoldus, R., Barton, A. E., Bartos, P., 
Bartsch, V., Bassalat, A., Basye, A., Bates, R. L., Batley, J. R., Battaglia, M., Battistin, 
M., Bauer, F., Bawa, H. S., Beattie, M. D., Beau, T., Beauchemin, P. H., Beccherle, R., 
Bechtle, P., Beck, H. P., Becker, K., Becker, S., Beckingham, M., Becot, C., Beddall, 
A. J., Beddall, A., Bedikian, S., Bednyakov, V. A., Bee, C. P., Beemster, L. J., Beermann, 
T. A., Begel, M., Bchr, K., Belanger-Champagne, C., Bell, P. J., Bell, W. H., Bella, 
G., Bcllagamba, L., Bcllerive, A., Bcllomo, M., Bclotskiy, K., Beltramello, O., Benary, 
O., Benchekroun, D., Bendtz, K., Benekos, N., Benhammou, Y., Benhar Noccioli, E., 
Benitez Garcia, J. A., Benjamin, D. P., Bensinger, J. R., Benslama, K., Bentvelsen, S., 
Berge, D., Bergeaas Kuutmann, E., Berger, N., Berghaus, F., Beringer, J., Bernard, C., 
Bernat, P., Bernius, C., Bernlochner, F. U., Berry, T., Berta, P., Bertella, C., Bertoli, G., 
Bertolucci, F., Bertsche, C., Bertsche, D., Besana, M. L, Besjes, G. J., Bessidskaia, O., 
Bessner, M., Besson, N., Betancourt, C., Bethke, S., Bhimji, W., Bianchi, R. M., Bian- 
chini, L., Bianco, M., Biebel, O., Bieniek, S. P., Bierwagen, K., Biesiada, J., Biglietti, M., 
Bilbao De Mendizabal, J., Bilokon, H., Bindi, M., Binet, S., Bingul, A., Bini, C., Black, 

C. W., Black, J. E., Black, K. M., Blackburn, D., Blair, R. E., Blanchard, J.-B., Blazek, 
T., Bloch, L, Blocker, C., Blum, W., Blumenschein, U., Bobbink, G. J., Bobrovnikov, 
V. S., Bocchetta, S. S., Bocci, A., Bock, C., Boddy, C. R., Boehler, M., Boek, T. T., 
Bogaerts, J. A., Bogdanchikov, A. G., Bogouch, A., Bohm, C., Bohm, J., Boisvert, V., 
Bold, T., Boldea, V., Boldyrev, A. S., Bomben, M., Bona, M., Boonekamp, M., Borisov, 
A., Borissov, G., Borri, M., Borroni, S., Bortfeldt, J., Bortolotto, V., Bos, K., Boscherini, 

D. , Bosnian, M., Boterenbrood, H., Boudreau, J., Bouffard, J., Bouhova-Thacker, E. V., 
Boumediene, D., Bourdarios, C., Bousson, N., Boutouil, S., Boveia, A., Boyd, J., Boyko, 
I. R., Bozic, I., Bracinik, J., Brandt, A., Brandt, G., Brandt, O., Bratzler, U., Brau, B., 
Brau, J. E., Braun, H. M., Brazzale, S. F., Brelier, B., Brendlinger, K., Brennan, A. J., 
Brenner, R., Bressler, S., Bristow, K., Bristow, T. M., Britton, D., Brochu, F. M., Brock, 
I., Brock, R., Bromberg, C., Bronner, J., Brooijmans, G., Brooks, T., Brooks, W. K., 
Brosamer, J., Brost, E., Brown, J., Bruckman de Renstrom, P. A., Bruncko, D., Brune- 
liere, R., Brunet, S., Bruni, A., Bruni, G., Bruschi, M., Bryngemark, L., Buanes, T., Buat, 

Q. , Bucci, F., Buchholz, P., Buckingham, R. M., Buckley, A. G., Buda, S. I., Budagov, 

I. A., Buehrer, F., Bugge, L., Bugge, M. K., Bulckov, O., Bundock, A. C., Burckhart, H., 
Burdin, S., Burghgrave, B., Burke, S., Burmcister, I., Busato, E., Biischer, D., Biischer, 
V., Bussey, P., Buszello, C. P., Butler, B., Butler, J. M., Butt, A. L, Buttar, C. M., But- 
terworth, J. M., Butti, P., Buttinger, W., Buzatu, A., Byszewski, M., Cabrera Urban, S., 
Caforio, D., Cakir, O., Calafiura, P., Calandri, A., Calderini, G., Calfayan, P., Calkins, 

R. , Caloba, L. P., Calvet, D., Calvet, S., Camacho Toro, R., Camarda, S., Cameron, D., 
Caminada, L. M., Caminal Armadans, R., Campana, S., Campanelli, M., Campoverde, A., 
Canale, V., Canepa, A., Cano Bret, M., Cantero, J., Cantrill, R., Cao, T., Capeans Gar- 
rido, M. D. M., Caprini, I., Caprini, M., Capua, M., Caputo, R., Cardarelli, R., Carli, 
T., Carlino, G., Carminati, L., Caron, S., Carquin, E., Carrillo-Montoya, G. D., Carter, 

J. R., Carvalho, J., Casadei, D., Casado, M. P., Casolino, M., Castaneda-Miranda, E., 
Castelli, A., Castillo Gimenez, V., Castro, N. F., Catastini, P., Catinaccio, A., Catmore, 


30 



J. R., Cattai, A., Cattani, G., Caudron, J., Cavaliere, V., Cavalli, D., Cavalli-Sforza, M., 
Cavasinni, V., Ceradini, F., Cerio, B. C., Cerny, K., Cerqueira, A. S., Cerri, A., Cer¬ 
rito, L., Ceruttij F., Cerv, M., Cervelli, A., Cetin, S. A., Chafaq, A., Chakraborty, D., 
Chalupkova, L, Chang, P., Chapleau, B., Chapman, J. D., Charfeddine, D., Charlton, 
D. G., Chan, C. C., Chavez Barajas, C. A., Cheatham, S., Chegwidden, A., Chekanov, 

S. , Chekulaev, S. V., Chelkov, G. A., Chelstowska, M. A., Chen, C., Chen, H., Chen, K., 
Chen, L., Chen, S., Chen, X., Chen, Y., Chen, Y., Cheng, H. C., Cheng, Y., Cheplakov, 

A. , Cherkaoui El Moursli, R., Chernyatin, V., Chen, E., Chevalier, L., Chiarella, V., Chic- 
fari, G., Childers, J. T., Chilingarov, A., Chiodini, G., Chisholm, A. S., Chislett, R. T., 
Chitan, A., Chizhov, M. V., Chonridon, S., Chow, B. K. B., Chromek-Burckhart, D., Chu, 
M. L., Chndoba, J., Chwastowski, J. J., Chytka, L., Ciapetti, G., Ciftci, A. K., Ciftci, R., 
Cinca, D., Cindro, V., Ciocio, A., Cirkovic, P., Citron, Z. H., Citterio, M., Ciubancan, M., 
Clark, A., Clark, P. J., Clarke, R. N., Clcland, W., Clemens, J. C., Clement, C., Coadon, 
Y., Cobal, M., Coccaro, A., Cochran, J., Coffey, L., Cogan, J. G., Coggeshall, J., Cole, 

B. , Cole, S., Colijn, A. P., Collot, J., Colombo, T., Colon, G., Compostella, G., Conde 
Muino, P., Coniavitis, E., Conidi, M. C., Connell, S. H., Connelly, I. A., Consonni, S. M., 
Consorti, V., Constantinescn, S., Conta, C., Conti, G., Conventi, F., Cooke, M., Cooper, 

B. D., Cooper-Sarkar, A. M., Cooper-Smith, N. J., Copic, K., Cornelissen, T., Corradi, 
M., Corriveau, F., Corso-Radn, A., Cortes-Gonzalez, A., Cortiana, G., Costa, G., Costa, 
M. J., Costanzo, D., Cote, D., Cottin, G., Cowan, G., Cox, B. E., Cranmer, K., Cree, G., 
Crepe-Renandin, S., Crescioli, F., Cribbs, W. A., Crispin Ortnzar, M., Cristinziani, M., 
Croft, V., Crosetti, G., Cncinc, C.-M., Cuhadar Donszelmann, T., Cummings, J., Cura- 
tolo, M., Cuthbert, C., Czirr, H., Czodrowski, P., Czyczula, Z., D’Auria, S., D’Onofrio, 
M., Da Cunha Sargedas De Sousa, M. J., Da Via, C., Dabrowski, W., Dafinca, A., Dai, 

T. , Dale, O., Dallaire, F., Dallapiccola, C., Dam, M., Daniells, A. C., Dano Hoffmann, M., 
Dao, V., Darbo, G., Darmora, S., Dassoulas, J. A., Dattagupta, A., Davey, W., David, 

C. , Davidek, T., Davies, E., Davies, M., Davignon, O., Davison, A. R., Davison, P., Davy- 
gora, Y., Dawe, E., Dawson, I., Daya-Ishmukhametova, R. K., De, K., de Asmundis, R., 
De Castro, S., De Cecco, S., De Groot, N., de Jong, P., De la Torre, H., De Lorenzi, F., 
De Nooij, L., De Pedis, D., De Salvo, A., De Sanctis, U., De Santo, A., De Vivie De Regie, 
J. B., Dearnaley, W. J., Debbe, R., Debenedetti, C., Dechenaux, B., Dedovich, D. V., 
Deigaard, I., Del Peso, J., Del Prete, T., Deliot, F., Dclitzsch, C. M., Dcliyergiyev, M., 
Dell’Acqua, A., Dcll’Asta, L., Dell’Orso, M., Della Pietra, M., della Volpe, D., Delmastro, 
M., Delsart, P. A., Deluca, C., Demers, S., Demichev, M., Dcmilly, A., Denisov, S. P., 
Derendarz, D., Derkaoui, J. E., Derue, F., Dervan, P., Desch, K., Deterre, C., Deviveiros, 
P. O., Dewhurst, A., Dhaliwal, S., Di Ciaccio, A., Di Ciaccio, L., Di Domenico, A., Di Do¬ 
nato, C., Di Girolamo, A., Di Girolamo, B., Di Mattia, A., Di Micco, B., Di Nardo, R., 
Di Simone, A., Di Sipio, R., Di Valentino, D., Dias, F. A., Diaz, M. A., Diehl, E. B., 
Dietrich, J., Dietzsch, T. A., Diglio, S., Dimitrievska, A., Dingfelder, J., Dionisi, C., Dita, 
P., Dita, S., Dittus, F., Djama, F., Djobava, T., Djuvsland, J. I., do Vale, M. A. B., 
Do Valle Wemans, A., Dobos, D., Doglioni, C., Doherty, T., Dohmae, T., Dolejsi, J., 
Dolezal, Z., Dolgoshein, B. A., Donadelli, M., Donati, S., Dondero, P., Donini, J., Dopke, 


31 



J., Doria, A., Dova, M. T., Doyle, A. T., Dris, M., Dubbert, J., Dube, S., Dubreuil, E., 
Duchovni, E., Duckeck, G., Ducu, O. A., Duda, D., Dudarev, A., Dudziak, F., Duflot, L., 
Duguid, L., Duhrssen, M., Dunford, M., Duran Yildiz, H., Diiren, M., Durglishvili, A., 
Dwuznik, M., Dyndal, M., Ebke, J., Edson, W., Edwards, N. C., Ehrenfeld, W., Eifert, 
T., Eigen, G., Einsweilcr, K., Ekelof, T., El Kacimi, M., Ellcrt, M., Elies, S., Ellinghaus, 

F. , Ellis, N., Elmsheuser, J., Elsing, M., Emeliyanov, D., Enari, Y., Endner, O. C., Endo, 
M., Engelmann, R., Erdmann, J., Ereditato, A., Eriksson, D., Ernis, G., Ernst, J., Ernst, 
M.j Ernwein, J., Errede, D., Errede, S., Ertel, E., Escalier, M., Esch, H., Escobar, C., 
Esposito, B., Etienvre, A. I., Etzion, E., Evans, H., Ezhilov, A., Fabbri, L., Facini, G., 
Fakhrutdinov, R. M., Falciano, S., Falla, R. J., Faltova, J., Fang, Y., Fanti, M., Farbin, 
A., Farilla, A., Farooque, T., Farrell, S., Farrington, S. M., Farthouat, P., Fassi, F., Fass- 
nacht, P., Fassouliotis, D., Favareto, A., Fayard, L., Federic, P., Fedin, O. L., Fedorko, 
W., Fchling-Kaschek, M., Feigl, S., Fcligioni, L., Feng, C., Feng, E. J., Feng, H., Fenyuk, 
A. B., Fernandez Perez, S., Ferrag, S., Ferrando, J., Ferrari, A., Ferrari, P., Ferrari, R., 
Ferreira de Lima, D. E., Ferrer, A., Ferrere, D., Ferretti, C., Ferretto Parodi, A., Fiascaris, 
M., Fiedler, F., Filipcic, A., Filipuzzi, M., Filthaut, F., Fincke-Keeler, M., Finelli, K. D., 
Fiolhais, M. C. N., Fiorini, L., Firan, A., Fischer, A., Fischer, J., Fisher, W. C., Fitzgerald, 
E. A., Flechl, M., Fleck, I., Fleischmann, P., Flcischmann, S., Fletcher, G. T., Fletcher, 

G. , Flick, T., Floderus, A., Flores Castillo, L. R., Florez Bustos, A. C., Flowerdew, M. J., 
Formica, A., Forti, A., Fortin, D., Fournier, D., Fox, H., Fracchia, S., Francavilla, P., 
Franchini, M., Franchino, S., Francis, D., Franconi, L., Franklin, M., Franz, S., Fraternali, 
M., French, S. T., Friedrich, C., Friedrich, F., Froidevaux, D., Frost, J. A., Fukunaga, C., 
Fullana Torregrosa, E., Fulsom, B. G., Fuster, J., Gabaldon, C., Gabizon, O., Gabriclli, 

A. , Gabrielli, A., Gadatsch, S., Gadomski, S., Gagliardi, G., Gagnon, P., Galea, C., Gal- 
hardo, B., Gallas, E. J., Gallo, V., Gallop, B. J., Gallus, P., Galster, G., Gan, K. K., 
Gao, J., Gao, Y. S., Garay Walls, F. M., Garberson, F., Garcia, C., Garcia Navarro, J. E., 
Garcia-Sciveres, M., Gardner, R. W., Garclli, N., Garonne, V., Gatti, C., Gaudio, G., 
Gaur, B., Gauthier, L., Gauzzi, P., Gavrilcnko, I. L., Gay, C., Gaycken, G., Gazis, E. N., 
Ge, P., Geese, Z., Gee, C. N. P., Geerts, D. A. A., Geich-Gimbel, C., Gellerstedt, K., 
Gemme, C., Gemmcll, A., Genest, M. H., Gentile, S., George, M., George, S., Gerbaudo, 
D., Gershon, A., Ghazlane, H., Ghodbane, N., Giacobbe, B., Giagu, S., Giangiobbe, V., 
Giannetti, P., Gianotti, F., Gibbard, B., Gibson, S. M., Gilchriese, M., Gillam, T. P. S., 
Gillberg, D., Gilles, G., Gingrich, D. M., Giokaris, N., Giordani, M. P., Giordano, R., 
Giorgi, F. M., Giorgi, F. M., Giraud, P. F., Giugni, D., Giuliani, C., Giulini, M., Gjelsten, 

B. K., Gkaitatzis, S., Gkialas, I., Gladilin, L. K., Glasman, C., Glatzer, J., Glaysher, 
P. C. F., Glazov, A., Glonti, G. L., Goblirsch-Kolb, M., Goddard, J. R., Godlewski, J., 
Goeringer, C., Goldfarb, S., Golling, T., Golubkov, D., Gomes, A., Gomez Fajardo, L. S., 
Goncalo, R., Goncalves Pinto Firmino Da Costa, J., Gonella, L., Gonzalez de la Hoz, S., 
Gonzalez Parra, G., Gonzalez-Sevilla, S., Goossens, L., Gorbounov, P. A., Gordon, H. A., 
Gorelov, I., Gorini, B., Gorini, E., Gorisek, A., Gornicki, E., Goshaw, A. T., Gossling, C., 
Gostkin, M. I., Gouighri, M., Goujdami, D., Goulette, M. P., Goussiou, A. G., Goy, C., 
Gozpinar, S., Grabas, H. M. X., Graber, L., Grabowska-Bold, I., Grafstrom, P., Grahn, 


32 



K.-J., Gramling, J., Gramstad, E., Grancagnolo, S., Grassi, V., Gratchev, V., Gray, H. M., 
Graziani, E., Grebenyuk, O. G., Greenwood, Z. D., Gregersen, K., Gregor, I. M., Grenier, 
P., Griffiths, J., Grillo, A. A., Grimm, K., Grinstein, S., Gris, P., Grishkevich, Y. V., 
Grivaz, J.-F., Grohs, J. P., Grohsjean, A., Gross, E., Grosse-Knetter, J., Grossi, G. C., 
Groth-Jensen, J., Grout, Z. J., Guan, L., Guenther, J., Guescini, F., Guest, D., Gueta, 
O., Guicheney, C., Guido, E., Guillemin, T., Guindon, S., Gul, U., Gumpert, C., Guo, 
J., Gupta, S., Gutierrez, P., Gutierrez Ortiz, N. G., Gutschow, C., Guttman, N., Guyot, 
C., Gwenlan, C., Gwilliam, C. B., Haas, A., Haber, C., Hadavand, H. K., Haddad, N., 
Haefner, P., Hagebock, S., Hajduk, Z., Hakobyan, H., Haleem, M., Hall, D., Halladjian, G., 
Hamacher, K., Hamal, P., Hamano, K., Hamer, M., Hamilton, A., Hamilton, S., Hamity, 

G. N., Hamnett, P. G., Han, L., Hanagaki, K., Hanawa, K., Hance, M., Hanke, P., Hanna, 

R. , Hansen, J. B., Hansen, J. D., Hansen, P. H., Hara, K., Hard, A. S., Harenberg, T., 
Hariri, F., Harkusha, S., Harper, D., Harrington, R. D., Harris, O. M., Harrison, P. F., 
Hartjes, F., Hasegawa, M., Hasegawa, S., Hasegawa, Y., Hasib, A., Hassani, S., Haug, 

S. , Hauschild, M., Hauser, R., Havranek, M., Hawkes, C. M., Hawkings, R. J., Hawkins, 
A. D., Hayashi, T., Hayden, D., Hays, C. P., Hayward, H. S., Haywood, S. J., Head, 
S. J., Heck, T., Hedberg, V., Heelan, L., Heim, S., Heim, T., Heinemann, B., Heinrich, L., 
Hejbal, J., Helary, L., Heller, C., Heller, M., Heilman, S., Hellmich, D., Helsens, C., Hen¬ 
derson, J., Henderson, R. C. W., Heng, Y., Henglcr, C., Henrichs, A., Henriques Correia, 
A. M., Henrot-Versille, S., Herbert, G. H., Hernandez Jimenez, Y., Herrberg-Schubert, 
R., Herten, G., Hertenberger, R., Hervas, L., Hesketh, G. G., Hessey, N. P., Hickling, R., 
Higon-Rodriguez, E., Hill, E., Hill, J. C., Hiller, K. H., Hillert, S., Hillier, S. J., Hinch- 
liffe, I., Hines, E., Hirose, M., Hirschbuehl, D., Hobbs, J., Hod, N., Hodgkinson, M. C., 
Hodgson, P., Hoecker, A., Hoeferkamp, M. R., Hoenig, F., Hoffman, J., Hoffmann, D., 
Hohlfeld, M., Holmes, T. R., Hong, T. M., Hooft van Huysduynen, L., Hopkins, W. H., 
Horii, Y., Hostachy, J.-Y., Hou, S., Hoummada, A., Howard, J., Howarth, J., Hrabovsky, 
M., Hristova, I., Hrivnac, J., Hryn’ova, T., Hsu, C., Hsu, P. J., Hsu, S.-C., Hu, D., Hu, 
X., Huang, Y., Hubacek, Z., Hubaut, F., Huegging, F., Huffman, T. B., Hughes, E. W., 
Hughes, G., Huhtinen, M., Hiilsing, T. A., Hurwitz, M., Huseynov, N., Huston, J., Huth, 
J., Iacobucci, G., Iakovidis, G., Ibragimov, I., Iconomidou-Fayard, L., Ideal, E., Idrissi, 
Z., Iengo, P., Igonkina, O., Iizawa, T., Ikegami, Y., Ikematsu, K., Ikeno, M., Ilchenko, Y., 
Iliaclis, D., Ilic, N., Inamaru, Y., Ince, T., Ioannou, P., Iodice, M., Iordanidou, K., Ippolito, 
V., Irles Quiles, A., Isaksson, C., Ishino, M., Ishitsuka, M., Ishmukhametov, R., Issever, 
C., Istin, S., Iturbe Ponce, J. M., Iuppa, R., Ivarsson, J., Iwanski, W., Iwasaki, H., Izen, 
J. M., Izzo, V., Jackson, B., Jackson, M., Jackson, P., Jaekel, M. R., Jain, V., Jakobs, K., 
Jakobsen, S., Jakoubek, T., Jakubek, J., Jamin, D. O., Jana, D. K., Jansen, E., Jansen, 

H. , Janssen, J., Janus, M., Jarlskog, G., Javadov, N., Javurek, T., Jeanty, L., Jejelava, J., 
Jeng, G.-Y., Jennens, D., Jenni, P., Jentzsch, J., Jeske, C., Jezequel, S., Ji, H., Jia, J., 
Jiang, Y., Jimenez Belenguer, M., Jin, S., Jinaru, A., Jinnouchi, O., Joergensen, M. D., 
Johansson, K. E., Johansson, P., Johns, K. A., Jon-And, K., Jones, G., Jones, R. W. L., 
Jones, T. J., Jongmanns, J., Jorge, P. M., Joshi, K. D., Jovicevic, J., Ju, X., Jung, C. A., 
Jungst, R. M., Jussel, P., Juste Rozas, A., Kaei, M., Kaczmarska, A., Kado, M., Kagan, 


33 



H., Kagan, M., Kajomovitz, E., Kalderon, C. W., Kama, S., Kamenshchikov, A., Kanaya, 
N., Kaneda, M., Kaneti, S., Kantserov, V. A., Kanzaki, J., Kaplan, B., Kapliy, A., Kar, 

D. , Karakostas, K., Karastathis, N., Kareem, M. J., Karnevskiy, M., Karpov, S. N., Kar¬ 
pova, Z. M., Karthik, K., Kartvclishvili, V., Karyukhin, A. N., Kashif, L., Kasieczka, G., 
Kass, R. D., Kastanas, A., Kataoka, Y., Katre, A., Katzy, J., Kaushik, V., Kawagoe, K., 
Kawamoto, T., Kawamura, G., Kazama, S., Kazanin, V. F., Kazarinov, M. Y., Keeler, R., 
Kehoe, R., Keil, M., Keller, J. S., Kempster, J. J., Keoshkerian, H., Kepka, O., Kersevan, 
B. P., Kersten, S., Kessoku, K., Keung, J., Khalil-zada, F., Khandanyan, H., Khanov, 
A., Khodinov, A., Khomich, A., Khoo, T. J., Khoriauli, G., Khoroshilov, A., Khovanskiy, 
V., Khramov, E., Khubua, J., Kim, H. Y., Kim, H., Kim, S. H., Kimura, N., Kind, O., 
King, B. T., King, M., King, R. S. B., King, S. B., Kirk, J., Kiryunin, A. E., Kishi- 
moto, T., Kisiclcwska, D., Kiss, F., Kittelmann, T., Kiuchi, K., Kladiva, E., Klein, M., 
Klein, U., Kleinknecht, K., Klirnek, P., Klimentov, A., Klingenberg, R., Klinger, J. A., 
Klioutchnikova, T., Klok, P. F., Kluge, E.-E., Kluit, P., Kluth, S., Kneringer, E., Knoops, 

E. B. F. G., Knue, A., Kobayashi, D., Kobayashi, T., Kobel, M., Kocian, M., Kodys, 
P., Koevesarki, P., Koffas, T., Koffeman, E., Kogan, L. A., Kohlmann, S., Kohout, Z., 
Kohriki, T., Koi, T., Kolanoski, H., Kolctsou, I., Koll, J., Komar, A. A., Komori, Y., 
Kondo, T., Kondrashova, N., Koneke, K., Kbnig, A. C., Konig, S., Kono, T., Konoplich, 
R., Konstantinidis, N., Kopeliansky, R., Koperny, S., Kopke, L., Kopp, A. K., Korcyl, 
K., Kordas, K., Korn, A., Korol, A. A., Korolkov, I., Korolkova, E. V., Korotkov, V. A., 
Kortner, O., Kortner, S., Kostyukhin, V. V., Kotov, V. M., Kotwal, A., Kourkoumelis, C., 
Kouskoura, V., Koutsman, A., Kowalewski, R., Kowalski, T. Z., Kozanecki, W., Kozhin, 
A. S., Krai, V., Kramarenko, V. A., Kramberger, G., Krasnopevtsev, D., Krasny, M. W., 
Krasznahorkay, A., Kraus, J. K., Kravchenko, A., Kreiss, S., Kretz, M., Kretzschmar, J., 
Kreutzfeldt, K., Krieger, P., Kroeninger, K., Kroha, H., Kroll, J., Kroseberg, J., Krstic, 
J., Kruchonak, U., Kriiger, H., Kruker, T., Krumnack, N., Krumshteyn, Z. V., Kruse, A., 
Kruse, M. C., Kruskal, M., Kubota, T., Kucuk, H., Kuday, S., Kuehn, S., Kugel, A., Kuhl, 
A., Kuhl, T., Kukhtin, V., Kulchitsky, Y., Kuleshov, S., Kuna, M., Kunkle, J., Kupco, 
A., Kurashige, H., Kurochkin, Y. A., Kurumida, R., Kus, V., Kuwertz, E. S., Kuze, M., 
Kvita, J., La Rosa, A., La Rotonda, L., Lacasta, C., Lacava, F., (2014). Measurement of 
higgs boson production in the diphoton decay channel in pp collisions at center-of-mass 
energies of 7 and 8 tev with the atlas detector. Phys. Rev. D , 90:112015. 

Aaltonen, T., Alvarez Gonzalez, B., Arnerio, S., Amidei, D., Anastassov, A., Annovi, A., 
Antos, J., Apollinari, G., Appel, J. A., Apresyan, A., Arisawa, T., Artikov, A., Asaadi, J., 
Ashmanskas, W., Auerbach, B., Aurisano, A., Azfar, F., Badgett, W., Barbaro-Galtieri, 
A., Barnes, V. E., Barnett, B. A., Barria, P., Bartos, P., Bauce, M., Bauer, G., Be- 
deschi, F., Beecher, D., Behari, S., Bcllcttini, G., Bellinger, J., Benjamin, D., Beretvas, 
A., Bhatti, A., Binkley, M., Bisello, D., Bizjak, I., Bland, K. R., Blumenfeld, B., Bocci, 
A., Bodek, A., Bortoletto, D., Boudreau, J., Boveia, A., Brau, B., Brigliadori, L., Brisuda, 
A., Bromberg, C., Brucken, E., Bucciantonio, M., Budagov, J., Budd, H. S., Budd, S., 
Burkett, K., Busetto, G., Bussey, P., Buzatu, A., Calancha, C., Camarda, S., Campanelli, 
M., Campbell, M., Canelli, F., Canepa, A., Carls, B., Carlsmith, D., Carosi, R., Carrillo, 


34 



S., Carron, S., Casal, B., Casarsa, M., Castro, A., Catastini, P., Cauz, D., Cavaliere, 
V., Cavalli-Sforza, M., Cerri, A., Cerrito, L., Chen, Y. C., Chertok, M., Chiarelli, G., 
Chlachidze, G., Chlebana, F., Clio, K., Chokheli, D., Chou, J. P., Chung, W. H., Chung, 

Y. S., Ciobanu, C. I., Ciocci, M. A., Clark, A., Compostella, G., Convery, M. E., Con¬ 
way, J., Corbo, M., Cordelli, M., Cox, C. A., Cox, D. J., Cranmer, K., Crescioli, F., 
Cuenca Almenar, C., Cuevas, J., Culbertson, R., Dagenhart, D., d’Ascenzo, N., Datta, 
M., de Barbaro, P., De Cecco, S., De Lorenzo, G., DeH’Orso, M., Deluca, C., Demor- 
tier, L., Deng, J., Deninno, M., Devoto, F., d’Errico, M., Di Canto, A., Di Ruzza, B., 
Dittmann, J. R., D’Onofrio, M., Donati, S., Dong, P., Dorigo, M., Dorigo, T., Ebina, 

K. , Elagin, A., Eppig, A., Erbacher, R., Errede, D., Errede, S., Ershaidat, N., Eusebi, 

R. , Fang, H. C., Farrington, S., Feindt, M., Fernandez, J. P., Ferrazza, C., Field, R., 
Flanagan, G., Forrest, R., Frank, M. J., Franklin, M., Freeman, J. C., Funakoshi, Y., Fu- 
ric, I., Gallinaro, M., Galyardt, J., Garcia, J. E., Garfinkel, A. F., Garosi, P., Gerberich, 
H., Gerchtein, E., Giagu, S., Giakoumopoulou, V., Giannetti, P., Gibson, K., Ginsburg, 
C. M., Giokaris, N., Giromini, P., Giunta, M., Giurgiu, G., Glagolev, V., Glenzinski, D., 
Gold, M., Goldin, D., Goldschmidt, N., Golossanov, A., Gomez, G., Gomez-Ceballos, G., 
Goncharov, M., Gonzalez, O., Gorelov, I., Goshaw, A. T., Goulianos, K., Gresele, A., 
Grinstein, S., Grosso-Pilcher, C., Group, R. C., Guimaraes da Costa, J., Gunay-Unalan, 

Z. , Haber, C., Hahn, S. R., Halkiadakis, E., Hamaguchi, A., Han, J. Y., Happacher, F., 
Hara, K., Hare, D., Hare, M., Harr, R. F., Hatakeyama, K., Hays, C., Heck, M., Heinrich, 
J., Herndon, M., Hewamanage, S., Hidas, D., Hocker, A., Hopkins, W., Horn, D., Hou, 

S. , Hughes, R. E., Hurwitz, M., Husemann, U., Hussain, N., Hussein, M., Huston, J., 
Introzzi, G., Iori, M., Ivanov, A., Janies, E., Jang, D., Jayatilaka, B., Jeon, E. J., Jha, 
M. K., Jindariani, S., Johnson, W., Jones, M., Joo, K. K., Jun, S. Y., Junk, T. R., Kamon, 

T. , Karchin, P. E., Kato, Y., Ketchum, W., Keung, J., Khotilovich, V., Kilminster, B., 
Kim, D. H., Kim, H. S., Kim, H. W., Kim, J. E., Kim, M. J., Kim, S. B., Kim, S. H., 
Kim, Y. K., Kimura, N., Kirby, M., Klimenko, S., Kondo, K., Kong, D. J., Konigsberg, 
J., Kotwal, A. V., Kreps, M., Kroll, J., Krop, D., Krunmack, N., Kruse, M., Krutelyov, 
V., Kuhr, T., Kurata, M., Kwang, S., Laasanen, A. T., Lami, S., Lammel, S., Lancaster, 
M., Lander, R. L., Lannon, K., Lath, A., Latino, G., Lazzizzera, I., LeCompte, T., Lee, 
E., Lee, H. S., Lee, J. S., Lee, S. W., Leo, S., Leone, S., Lewis, J. D., Lin, C.-J., Linacre, 
J., Lindgren, M., Lipeles, E., Lister, A., Litvintsev, D. O., Liu, C., Liu, Q., Liu, T., 
Lockwitz, S., Lockyer, N. S., Loginov, A., Lucchesi, D., Lueck, J., Lujan, P., Lukens, P., 
Lungu, G., Lys, J., Lysak, R., Madrak, R., Maeshima, K., Makhoul, K., Maksimovic, P., 
Malik, S., Manca, G., Manousakis-Katsikakis, A., Margaroli, F., Marino, C., Martinez, 
M., Martinez-Ballarin, R., Mastrandrea, P., Mathis, M., Mattson, M. E., Mazzanti, P., 
McFarland, K. S., McIntyre, P., McNulty, R., Mehta, A., Mehtala, P., Menzione, A., 
Mesropian, C., Miao, T., Mietlicki, D., Mitra, A., Miyake, H., Moed, S., Moggi, N., Mon¬ 
dragon, M. N., Moon, C. S., Moore, R., Morcllo, M. J., Morlock, J., Movilla Fernandez, P., 
Mukherjee, A., Muller, T., Murat, P., Mussini, M., Nachtman, J., Nagai, Y., Naganoma, 
J., Nakano, I., Napier, A., Nett, J., Neu, C., Neubauer, M. S., Nielsen, J., Nodulman, 

L. , Norniclla, O., Nurse, E., Oakes, L., Oh, S. H., Oh, Y. D., Oksuzian, I., Okusawa, T., 


35 



Orava, R., Ortolan, L., Pagan Griso, S., Pagliarone, C., Palencia, E., Papadimitriou, V., 
Paramonov, A. A., Patrick, J., Pauletta, G., Paulini, M., Paus, C., Pcllctt, D. E., Penzo, 

A. , Phillips, T. J., Piacentino, G., Pianori, E., Pilot, J., Pitts, K., Plager, C., Pondrom, L., 
Potamianos, K., Poukhov, O., Prokoshin, F., Pronko, A., Ptohos, F., Pueschel, E., Punzi, 
G., Pnrsley, J., Quinlan, E., Rahaman, A., Ramakrishnan, V., Ranjan, N., Redondo, I., 
Renton, P., Rescigno, M., Rimondi, F., Ristori, L., Robson, A., Rodrigo, T., Rodriguez, 
T., Rogers, E., Rolli, S., Roser, R., Rossi, M., Rubbo, F., Ruffini, F., Ruiz, A., Russ, J., 
Rusu, V., Safonov, A., Sakumoto, W. K., Sakurai, Y., Santi, L., Sartori, L., Sato, K., 
Saveliev, V., Savoy-Navarro, A., Schlabaeh, P., Schmidt, A., Schmidt, E. E., Schmidt, 
M. P., Schmitt, M., Schwarz, T., Scodcllaro, L., Scribano, A., Scuri, F., Sedov, A., Seidel, 

5., Seiya, Y., Semenov, A., Sforza, F., Sfyrla, A., Shalhout, S. Z., Shears, T., Shepard, 
P. F., Shimojima, M., Shiraishi, S., Shochet, M., Shreyber, I., Simonenko, A., Sinervo, P., 
Sissakian, A., Sliwa, K., Smith, J. R., Snider, F. D., Soha, A., Somalwar, S., Sorin, V., 
Squillacioti, P., Stancari, M., Stanitzki, M., Denis, R. S., Stelzer, B., Stelzer-Chilton, O., 
Stentz, D., Strologas, J., Strycker, G. L., Sudo, Y., Sukhanov, A., Suslov, I., Takemasa, 
K., Takeuchi, Y., Tang, J., Tecchio, M., Teng, P. K., Thom, J., Thome, J., Thompson, 
G. A., Thomson, E., Ttito-Guzman, P., Tkaezyk, S., Toback, D., Tokar, S., Tollefson, K., 
Tomura, T., Tonelli, D., Torre, S., Torretta, D., Totaro, P., Trovato, M., Tu, Y., Ukegawa, 
F., Uozumi, S., Varganov, A., Vazquez, F., Velev, G., Vcllidis, C., Vidal, M., Vila, I., Vi- 
lar, R., Vizan, J., Vogel, M., Volpi, G., Wagner, P., Wagner, R. L., Wakisaka, T., Wallny, 
R., Wang, S. M., Warburton, A., Waters, D., Weinberger, M., Wester, W. C., Whitehouse, 

B. , Whiteson, D., Wicklund, A. B., Wicklund, E., Wilbur, S., Wick, F., Williams, H. H., 
Wilson, J. S., Wilson, P., Winer, B. L., Wittich, P., Wolbers, S., Wolfe, H., Wright, T., 
Wu, X., Wu, Z., Yamamoto, K., Yamaoka, J., Yang, T., Yang, U. K., Yang, Y. C., Yao, 
W.-M., Yeh, G. P., Yi, K., Yoh, J., Yorita, K., Yoshida, T., Yu, G. B., Yu, I., Yu, S. S., 
Yun, J. C., Zanetti, A., Zeng, Y., and Zucchelli, S. (2011). Search for high mass resonances 
decaying to muon pairs in yfs = 1.96 TeV pp collisions. Phys. Rev. Lett., 106:121801. 

Berger, J. O. (1980). Statistical Decision Theory and Bayesian Analysis. Springer-Verlag 
New York Inc. 

Chatrchyan, S., Khachatryan, V., Sirunyan, A. M., Tumasyan, A., Adam, W., Aguilo, E., 
Bergauer, T., Dragicevic, M., Ero, J., Fabjan, C., Friedl, M., Friihwirth, R., Ghete, V. M., 
Hammer, J., Hoch, M., Hormann, N., Hrubec, J., Jeitler, M., Kiesenhofer, W., Kniinz, V., 
Krammer, M., Kratschmer, I., Liko, D., Majerotto, W., Mikulec, I., Pernicka, M., Rah- 
baran, B., Rohringer, C., Rohringer, H., Schofbeck, R., Strauss, J., Szoncso, F., Taurok, 
A., Waltenberger, W., Walzel, G., Widl, E., Wulz, C. E., Chekhovsky, V., Emeliantchik, 

1., Litomin, A., Makarenko, V., Mossolov, V., Shumeiko, N., Solin, A., Stefanovitch, R., 
Suarez Gonzalez, J., Fedorov, A., Korzhik, M., Missevitch, O., Zuyeuski, R., Bansal, M., 
Bansal, S., Beaumont, W., Cornells, T., De Wolf, E. A., Druzhkin, D., Janssen, X., Luy- 
ckx, S., Mucibello, L., Ochesanu, S., Roland, B., Rougny, R., Selvaggi, M., Staykova, Z., 
Van Haevermaet, H., Van Mechelen, P., Van Remortcl, N., Van Spilbeeck, A., Blckman, F., 
Blyweert, S., DHondt, J., Devroede, O., Gonzalez Suarez, R., Goorens, R., Kalogeropou- 


36 



los, A., Maes, M., Olbrechts, A., Tavernier, S., Van Doninck, W., Van Lancker, L., 
Van Mulders, P., Van Onsern, G. P., Villclla, I., Clerbaux, B., De Lentdecker, G., Dero, V., 
Dewulf, J. P., Gay, A. P. R., Hreus, T., Leonard, A., Marage, P. E., Mohammadi, A., Reis, 
T., Rugovac, S., Thomas, L., Vander Velde, C., Vanlaer, P., Wang, J., Wickens, J., Adler, 
V., Beernaert, K., Cimmino, A., Costantini, S., Garcia, G., Grunewald, M., Klein, B., 
Lellouch, J., Marinov, A., Mccartin, J., Ocampo Rios, A. A., Ryckbosch, D., Strobbe, N., 
Thyssen, F., Tytgat, M., Walsh, S., Yazgan, E., Zaganidis, N., Basegmez, S., Bruno, G., 
Castello, R., Ceard, L., De Favereau De Jeneret, J., Delaere, C., Demin, P., du Pree, T., 
Favart, D., Forthomme, L., Giammanco, A., Gregoire, G., Hollar, J., Lemaitre, V., Liao, 
J., Militaru, O., Nuttens, C., Pagano, D., Pin, A., Piotrzkowski, K., Schul, N., Vizan Gar¬ 
cia, J. M., Beliy, N., Caebergs, T., Daubie, E., Hammad, G. H., Alves, G. A., Brito, L., 
Correa Martin Junior, M., Martins, T., Pol, M. E., Souza, M. H. G., AldaJunior, W. L., 
Carvalho, W., Custodio, A., Da Costa, E. M., De Jesus Damiao, D., De Oliveira Mar¬ 
tins, C., Fonseca De Souza, S., Matos Figueiredo, D., Mundirn, L., Nogirna, H., Oguri, 
V., Prado Da Silva, W. L., Santoro, A., Sznajder, A., Vilela Pereira, A., Anjos, T. S., 
Bernardes, C. A., Dias, F. A., Fernandez Perez Tornei, T. R., Gregores, E. M., lope, R. L., 
Lagana, C., Lietti, S. M., Marinho, F., Mercadante, P. G., Novaes, S. F., Padula, S. S., 
Dimitrov, L., Genchev, V., Iaydjiev, P., Piperov, S., Rodozov, M., Stoykova, S., Sultanov, 

G. , Tcholakov, V., Trayanov, R., Vankov, I., Vutova, M., Roumenin, C., Uzunova, D., 
Zahariev, R., Dimitrov, A., Hadjiiska, R., Kozhuharov, V., Litov, L., Pavlov, B., Petkov, 
P., Bian, J. G., Chen, G. M., Chen, H. S., He, K. L., Jiang, C. H., Li, W. G., Liang, D., 
Liang, S., Meng, X., Sun, G., Sun, H. S., Tao, J., Wang, J., Wang, X., Wang, Z., Xiao, 

H. , Xu, M., Yang, M., Zang, J., Zhang, X., Zhang, Z., Zhang, Z., Zhao, W. R., Zhu, Z., 
Asawatangtrakuldee, C., Ban, Y., Cai, J., Guo, S., Guo, Y., Li, W., Liu, H. T., Liu, S., 
Mao, Y., Qian, S. J., Teng, H., Wang, D., Ye, Y. L., Zhang, L., Zhu, B., Zou, W., Avila, 
C., Gomez, J. P., Gomez Moreno, B., Osorio Oliveros, A. F., Sanabria, J. C., Godinovic, 
N., Lelas, D., Plestina, R., Polic, D., Puljak, I., Antunovic, Z., Kovac, M., Brigljevic, V., 
Duric, S., Kadija, K., Luetic, J., Morovic, S., Attikis, A., Galanti, M., Mavromanolakis, 
G., Mousa, J., Nicolaou, C., Ptochos, F., Razis, P. A., Finger, M., Finger Jr., M., Aly, 
A., Assran, Y., Awad, A., Elgammal, S., Ellithi Kamel, A., Khalil, S., Mahmoud, M. A., 
Mahrous, A., Radi, A., Hektor, A., Kadastik, M., Kannike, K., Miinteh M., Raidal, M., 
Rebane, L., Strumia, A., Tiko, A., Eerola, P., Fedi, G., Voutilainen, M., Anttila, E., 
Harkonen, J., Heikkinen, A., Karimaki, V., Katajisto, H. M., Kinnunen, R., Kortelainen, 
M. J., Kotamaki, M., Lampen, T., Lassila-Perini, K., Lehti, S., Linden, T., Luukka, P., 
Maenpaa, T., Peltola, T., Tuominen, E., Tuominiemi, J., Tuovinen, E., Ungaro, D., Van- 
hala, T. P., Wendland, L., Banzuzi, K., Karjalainen, A., Korpela, A., Tuuva, T., Anfrevillc, 
M., Besancon, M., Choudhury, S., Dejardin, M., Denegri, D., Fabbro, B., Faure, J. L., 
Ferri, F., Ganjour, S., Gentit, F. X., Givernaud, A., Gras, P., Hamel de Monchenault, 
G., Jarry, P., Kircher, F., Lemaire, M. C., Locci, E., Malcles, J., Mandjavidze, I., Nayak, 
A., Pansart, J. P., Rander, J., Reymond, J. M., Rosowsky, A., Shreyber, I., Titov, M., 
Verrecchia, P., Badier, J., Baffioni, S., Beaudette, F., Becheva, E., Benhabib, L., Bian- 
chini, L., Bluj, M., Broutin, C., Busson, P., Cerutti, M., Chamont, D., Chariot, C., Daci, 


37 



N., Dahms, T., Dalchenko, M., Dobrzynski, L., Geerebaert, Y., Granier de Cassagnac, 

R. , Haguenauer, M., Hennion, P., Milleret, G., Mine, P., Mironov, C., Naranjo, I. N., 
Nguyen, M., Ochando, C., Paganini, P., Romanteau, T., Sabes, D., Salerno, R., Sartirana, 
A., Sirois, Y., Thiebaux, C., Veelkcn, C., Zabi, A., Agram, J. L., Andrea, J., Besson, A., 
Bloch, D., Bodin, D., Brorn, J. M., Cardaci, M,, Chabert, E. C., Collard, C., Conte, E., 
Drouhin, F., Ferro, C., Fontaine, J. C., Gele, D., Goerlach, U., Goetzmann, C., Gross, 

L. , Huss, D., Juillot, P., Kieffer, E., Le Bihan, A. C., Pansanel, J., Patois, Y., Van Hove, 
P., Boutigny, D., Mercier, D., Baulicu, G., Beauceron, S., Beaupere, N., Bedjidian, M., 
Bondu, O., Boudoul, G., Brochet, S., Chasserat, J., Chierici, R., Combaret, C., Con- 
tardo, D., Depasse, P., El Mamouni, H., Fay, J., Gascon, S., Giraud, N., Gouzevitch, M., 
Haroutunian, R., Illc, B., Kurca, T., Lethuillier, M., Lumb, N., Mathez, H., Mirabito, L., 
Perries, S., Sgandurra, L., Sordini, V., Tschudi, Y., Vander Donckt, M., Verdier, P., Viret, 

S. , Roinishvili, V., Rurua, L., Amaglobeli, N., Bagaturia, I., Chiladze, B., Kvatadze, R., 
Lomidze, D., Shanidze, R., Tsamalaidze, Z., Adolphi, R., Anagnostou, G., Autermann, 

C. , Beranek, S., Brauer, R., Braunschweig, W., Calpas, B., Edelhoff, M., Feld, L., Hera- 
cleous, N., Hindrichs, O., Jussen, R., Karpinski, W., Klein, K., Liibelsmeyer, K., Merz, J., 
Ostapchuk, A., Pandoulas, D., Perieanu, A., Raupach, F., Sammet, J., Schael, S., Schmitz, 

D. , Schultz von Dratzig, A., Siedling, R., Sprenger, D., Weber, H., Wittmer, B., Wlochal, 

M. , Zhukov, V., Ata, M., Biallass, P., Caudron, J., Dietz-Laursonn, E., Duchardt, D., 
Erdmann, M., Fischer, R., Giith, A., Hebbeker, T., Heidemann, C., Hilgers, G., Hoepfner, 
K., Hof, C., Klimkovich, T., Klingebiel, D., Kreuzer, P., Magass, C., Merschmeyer, M., 
Meyer, A., Olschewski, M., Papacz, P., Philipps, B., Pieta, H., Reithler, H., Schmitz, 
S. A., Sonnenschein, L., Sowa, M., Steggemann, J., Teyssier, D., Weber, M., Bontenack- 
els, M., Cherepanov, V., Erdogan, Y., Fliigge, G., Geenen, H., Geisler, M., Haj Ahmad, 
W., Hochlc, F., Kargoll, B., Kress, T., Kuessel, Y., Lingemann, J., Nowack, A., Per- 
challa, L., Pooth, O., Sauerland, P., Stahl, A., Zoeller, M. H., Aldaya Martin, M., Behr, 
J., Behrenhoff, W., Behrens, U., Bergholz, M., Bethani, A., Borras, K., Burgmeier, A., 
Cakir, A., Calligaris, L., Campbell, A., Castro, E., Costanza, F., Dammann, D., Diez Par¬ 
dos, C., Eckerlin, G., Eckstein, D., Flossdorf, A., Flucke, G., Geiser, A., Glushkov, I., 
Goettlicher, P., Grebenyuk, A., Gunnellini, P., Habib, S., Hauk, J., Hcllwig, G., Jung, 
H., Kasemann, M., Katsas, P., Klcinwort, C., Kluge, H., Knutsson, A., Kramer, M., 
Kriicker, D., Kuznetsova, E., Lange, W., Lewendcl, B., Lohmann, W., Lutz, B., Mankel, 
R., Marfin, I., Marienfeld, M., Melzer-Pellmann, I. A., Meyer, A. B., Mnich, J., Muhl, 
C., Mussgillcr, A., Naumann-Emme, S., Novgorodova, O., Olzem, J., Parenti, A., Perrey, 
H., Petrukhin, A., Pitzl, D., Raspereza, A., Ribeiro Cipriano, P. M., Ricdl, C., Ron, E., 
Rosemann, C., Rosin, M., Salfeld-Nebgen, J., Schmidt, R., Schoerner-Sadenius, T., Sen, 

N. , Spiridonov, A., Stein, M., Tomaszewska, J., Volyanskyy, D., Walsh, R., Wissing, C., 
Youngman, C., Blobcl, V., Draeger, J., Enderle, H., Erfle, J., Gebbert, U., Gorner, M., 
Hermanns, T., Hoing, R. S., Kaschube, K., Kaussen, G., Kirschenmann, H., Klanner, 
R., Lange, J., Mura, B., Nowak, F., Peiffer, T., Pietsch, N., Rathjens, D., Sander, C., 
Schettler, H., Schlcper, P., Schlieckau, E., Schmidt, A., Schroder, M., Schum, T., Seidel, 
M., Sibille, J., Sola, V., Stadie, H., Stcinbriick, G., Thomsen, J., Vanelderen, L., Barth, 


38 



C., Bauer, J., Berger, J., Bilim, P., Boser, C., Buege, V., Chen, Z. Y., Chowdhury, S., 
Chwalek, T., Daeuwel, D., De Boer, W., Descroix, A., Dierlamm, A., Dirkes, G., Falirer, 
M., Feindt, M., Felzmann, U., Frey, M., Furgeri, A., Gebauer, L, Gesslcr, A., Gruschke, J., 
Guthoff, M., Hackstein, C., Hartmann, F., Hauler, F., Hauth, T., Heier, S., Heindl, S. M., 
Heinrich, M., Heiss, A., Held, H., Hoffmann, K. H., Hone, S., Husemann, U., Imhof, M., 
Jung, C., Junghans, S., Katkov, I., Kerzel, U., Knoblauch, D., Komaragiri, J. R., Kraber, 
M., Kuhr, T., Liamsuwan, T., Lobellc Pardo, P., Martschei, D., Menchikov, A., Mol, 
X., Mormann, D., Mueller, S., Muller, T., Neuberger, D., Neuland, M. B., Niegel, M., 
Niirnberg, A., Oberst, O., Ochlcr, A., Ortega Gomez, T., Ott, J., Piasecki, C., Poschlad, 
A., Quast, G., Rabbertz, K., Ratnikov, F., Ratnikova, N., Renz, M., Rocker, S., Roederer, 
F., Sabcllek, A., Saout, C., Scheurer, A., Schieferdecker, D., Schieferdecker, P., Schilling, 
F. P., Schmanau, M., Schott, G., Schwerdtfeger, W., Simonis, H. J., Skiba, A., Stober, 

F. M., Theel, A., Thiimmel, W. H., Troendle, D., Trunov, A., Ulrich, R., Wagner-Kuhr, 
J., Wayand, S., Weber, M., Wciler, T., Zeise, M., Ziebarth, E. B., Zvada, M., Daskalakis, 

G. , Geralis, T., Kesisoglou, S., Kyriakis, A., Loukas, D., Manolakos, I., Markou, A., 
Markou, C., Mavrommatis, C., Ntomari, E., Gouskos, L., Panagiotou, A., Saoulidou, N., 
Evangelou, I., Foudas, C., Kokkas, P., Manthos, N., Papadopoulos, I., Patras, V., Tri- 
antis, F. A., Bencze, G., Hajdu, C., Hidas, P., Horvath, D., Sikler, F., Veszpremi, V., 
Vesztergombi, G., Zalan, P., Beni, N., Czcllar, S., Fenyvesi, A., Molnar, J., Palinkas, J., 
Szillasi, Z., Karancsi, J., Raics, P., Trocsanyi, Z. L., Ujvari, B., Zilizi, G., Beri, S. B., 
Bhandari, V., Bhatnagar, V., Dhingra, N., Gupta, R., Kaur, M., Kohli, J. M., Mehta, 
M. Z., Nishu, N., Saini, L. K., Sharma, A., Singh, J. B., Kumar, A., Kumar, A., Ahuja, 

S., Bhardwaj, A., Chatterji, S., Choudhary, B. C., Gupta, P., Malhotra, S., Naimuddin, 

M. , Ranjan, K., Sharma, V., Shivpuri, R. K., Banerjee, S., Bhattacharya, S., Dutta, S., 
Gomber, B., Jain, S., Jain, S., Khurana, R., Sarkar, S., Sharan, M., Abdulsalam, A., 
Choudhury, R. K., Dutta, D., Ghodgaonkar, M., Kailas, S., Kataria, S. K., Kumar, V., 
Mehta, P., Mohanty, A. K., Pant, L. M., Shukla, P., Topkar, A., Aziz, T., Chendvankar, 

S., Deshpande, P. V., Ganguli, S. N., Ganguly, S., Guchait, M., Gurtu, A., Maity, M., 
Mazumdar, K., Mohanty, G. B., Parida, B., Patil, M. R., Raghavan, R., Sudhakar, K., 
Wickramage, N., Acharya, B. S., Banerjee, S., Bheesette, S., Dugad, S., Kalmani, S. D., 
Krishnaswamy, M. R., Lakkireddi, V. R., Mondal, N. K., Narasimham, V. S., Panyam, 

N. , Verma, P., Ardalan, F., Arfaei, H., Bakhshiansohi, H., Etesami, S. M., Falling A., 
Hashemi, M., Jafari, A., Khakzad, M., Mohammadi Najafabadi, M., Paktinat Mehdia- 
bacli, S., Safarzadeh, B., Zeinali, M., Abbrescia, M., Barbone, L., Calabria, C., Chhibra, 
S. S., Colaleo, A., Creanza, D., De Filippis, N., De Palma, M., De Robertis, G., Donvito, 
G., Fiore, L., Iaselli, G., Loddo, F., Maggi, G., Maggi, M., Manna, N., Marangelli, B., My, 

S., Natali, S., Nuzzo, S., Pacifico, N., Pompili, A., Pugliese, G., Ranieri, A., Romano, F., 
Sclvaggi, G., Silvestris, L., Singh, G., Spinoso, V., Venditti, R., Verwilligen, P., Zito, G., 
Abbiendi, G., Benvenuti, A. C., Bonacorsi, D., Braibant-Giacomclli, S., Brigliadori, L., 
Capiluppi, P., Castro, A., Cavallo, F. R., Cuffiani, M., Dallavalle, G. M., Fabbri, F., Fan- 
fani, A., Fasanella, D., Giacomclli, P., Grandi, C., Guiducci, L., Marcellini, S., Masetti, 
G., Meneghclli, M., Montanari, A., Navarria, F. L., Odorici, F., Perrotta, A., Primavera, 


39 



F. , Rossi, A. M., Rovelli, T., Siroli, G. P., Travaglini, R., Albergo, S., Cappello, G., Chior- 
boli, M., Costa, S., Noto, F., Potenza, R., Saizu, M. A., Tricomi, A., Tuve, C., Barbagli, 

G. , Ciulli, V., Civinini, C., DAlessandro, R., Focardi, E., Frosali, S., Gallo, E., Genta, C., 
Gonzi, S., Meschini, M., Paoletti, S., Parrini, G., Ranieri, R., Sguazzoni, G., Tropiano, 
A., Benussi, L., Bianco, S., Colafranceschi, S., Fabbri, F., Piccolo, D., Fabbricatore, P., 
Farinon, S., Greco, M., Musenich, R., Tosi, S., Benaglia, A., Carbone, L., DAngelo, P., 
De Gnio, F., Di Matteo, L., Dini, P., Farina, F. M., Fiorendi, S., Gennai, S., Ghezzi, A., 
Malvezzi, S., Manzoni, R. A., Martelli, A., Massironi, A., Menasce, D., Moroni, L., Negri, 
P., Paganoni, M., Pedrini, D., Pullia, A., Ragazzi, S., Redaelli, N., Sala, S., Tabarelli de 
Fatis, T., Bnontempo, S., Carrillo Montoya, C. A., Cavallo, N., De Cosa, A., Dogangun, 

O. , Fabozzi, F., Iorio, A. O. M., Lista, L., Meola, S., Merola, M., Paolncci, P., Azzi, P., 
Baechetta, N., Bcllato, M., Benettoni, M., Biasotto, M., Biscllo, D., Branca, A., Carlin, R., 
Checchia, P., Dorigo, T., Dossclli, U., Fanzago, F., Gasparini, F., Gasparini, U., Ginbilato, 

P. , Gonclla, F., Gozzclino, A., Gulmini, M., Kanishchev, K., Lacaprara, S., Lazzizzera, I., 
Loreti, M., Margoni, M., Maron, G., Mazzncato, M., Menegnzzo, A. T., Montecassiano, 

F. , Passaseo, M., Pazzini, J., Pegoraro, M., Pozzobon, N., Ronchese, P., Simonetto, F., 
Torassa, E., Tosi, M., Vanini, S., Ventura, S., Zotto, P., Zumerle, G., Berzano, U., Gabusi, 
M., Ratti, S. P., Riccardi, C., Torre, P., Vitulo, P., Biasini, M., Bilci, G. M., Fano, L., 
Lariccia, P., Lucaroni, A., Mantovani, G., Menichelli, M., Nappi, A., Passeri, D., Placidi, 
P., Romeo, F., Saha, A., Santocchia, A., Servoli, L., Spiezia, A., Taroni, S., Valdata, M., 
Angelini, F., Arezzini, S., Azzurri, P., Bagliesi, G., Basti, A., Bcllazzini, R., Bernardini, 

J. , Boccali, T., Bosi, F., Brez, A., Broccolo, G., Calzolari, F., Carboni, A., Castaldi, R., 
Cerri, C., Ciampa, A., DAgnolo, R. T., DellOrso, R., Fiori, F., Foa, L., Giassi, A., Giusti, 
S., Kraan, A., Latronico, L., Ligabue, F., Linari, S., Lomtadze, T., Martini, L., Massa, 
M., Massai, M. M., Mazzoni, E., Messineo, A., Moggi, A., Palla, F., Raffaelli, F., Rizzi, 
A., Sanguinetti, G., Segneri, G., Serban, A. T., Spagnolo, P., Spandre, G., Squillacioti, P., 
Tenchini, R., Tonclli, G., Venturi, A., Verdini, P. G., Baccaro, S., Barone, L., Bartoloni, 
A., Cavallari, F., Dafinei, L, Del Re, D., Diemoz, M., Fanclli, C., Grassi, M., Longo, E., 
Meridiani, P., Micheli, F., Nourbakhsh, S., Organtini, G., Paramatti, R., Rahatlou, S., 
Sigamani, M., Soffi, L., Talamo, I. G., Amapane, N., Arcidiacono, R., Argiro, S., Arneodo, 
M., Biino, C., Cartiglia, N., Costa, M., Demaria, N., Mariotti, C., Maselli, S., Migliore, 
E., Monaco, V., Musich, M., Obertino, M. M., Pastrone, N., Pelliccioni, M., Peroni, C., 
Potenza, A., Romero, A., Ruspa, M., Sacchi, R., Solano, A., Staiano, A., Ambroglini, F., 
Bclforte, S., Candelise, V., Casarsa, M., Cossutti, F., Della Ricca, G., Gobbo, B., Kavka, 
C., Marone, M., Montanino, D., Penzo, A., Schizzi, A., Kim, T. Y., Nam, S. K., Chang, 
S., Chung, J., Ham, S. W., Han, D., Kang, J., Kim, D. H., Kim, G. N., Kim, J. E., Kim, 

K. S., Kong, D. J., Lee, M. W., Oh, Y. D., Park, H., Ro, S. R,, Son, D., Son, D. C., Suh, 
J. S., Kim, J. Y., Kim, Z. J., Song, S., Choi, S., Gyun, D., Hong, B., Jo, M., Jo, Y., Kang, 
M., Kim, H., Kim, T. J., Lee, K. S., Moon, D. H., Park, S. K., Sim, K. S., Choi, M., Hahn, 

G. , Kang, S., Kim, H., Kim, J. H., Park, C., Park, I. C., Park, S., Ryu, G., Choi, Y., Choi, 
Y. K., Goh, J., Kim, M. S., Kwon, E., Lee, B., Lee, J., Lee, S., Seo, H., Yu, I., Janulis, 
M., Juodagalvis, A., Naujikas, R., Castilla-Valdez, H., De La Cruz-Burelo, E., Heredia-de 


40 



La Cruz, I., Lopez-Fernandez, R., Magana Villalba, R., Martmez-Ortega, J., Sanchez- 
Hernandez, A., Villasenor-Cendejas, L. M., Carrillo Moreno, S., Vazqnez Valencia, F., 
Salazar Ibarguen, H. A., Casimiro Linares, E., Morelos Pineda, A., Reyes-Santos, M. A., 
Allfrey, P., Krofcheck, D., Bell, A. J., Bernardino Rodrigues, N., Butler, A. P. H., Butler, 
P. H., Doesburg, R., Pfeiffer, D., Reucroft, S., Silverwood, H., Williams, J. C., Ahmad, 
M., Ansari, M. H., Asghar, M. I., Butt, J., Hoorani, H. R., Khalid, S., Khan, W. A., Khur- 
shid, T., Qazi, S., Shah, M. A., Shoaib, M., Bialkowska, H., Boimska, B., Frneboes, T., 
Gokieli, R., Goscilo, L., Gorski, M., Kazana, M., Kndla, I. M., Nawrocki, K., Romanowska- 
Rybinska, K., Szleper, M., Wrochna, G., Zalewski, P., Brona, G., Bunkowski, K., Cwiok, 
M., Czyrkowski, H., Dabrowski, R., Dominik, W., Doroba, K., Kalinowski, A., Konecki, 
M., Krolikowski, J., Oklinski, W., Pozniak, K., Zabolotny, W., Zych, P., Kasprowicz, G., 
Romanink, R., Alcmany-Fernandez, R., Almeida, N., Bargassa, P., David, A., Faccioli, 
P., Ferreira Parracho, P. G., Gallinaro, M., Ribeiro, P. Q., Seixas, J., Silva, J., Varela, J., 
Vischia, P., Afanasiev, S., Bclotelov, I., Bunin, P., Ershov, Y., Gavrilenko, M., Golunov, 
A., Golutvin, I., Gorbonnov, N., Gorbunov, I., Gramenitski, I., Kalagin, V., Kamenev, 
A., Karjavin, V., Konoplyanikov, V., Korenkov, V., Kozlov, G., Knrenkov, A., Lanev, A., 
Makankin, A., Malakhov, A., Mclnitchenko, I., Mitsyn, V. V., Moisenz, P., Oleynik, D., 
Orlov, A., Palichik, V., Perelygin, V., Petrosyan, A., Savina, M., Semenov, R., Shrna- 
tov, S., Shulha, S., Skachkova, A., Skatchkov, N., Smetannikov, V., Smirnov, V., Srnolin, 
D., Tikhonenko, E., Vasilev, S., Volodko, A., Zarubin, A., Zhiltsov, V., Evstynkhin, S., 
Golovtsov, V., Ivanov, Y., Kim, V., Levchenko, P., Mnrzin, V., Oreshkin, V., Smirnov, I., 
Sulimov, V., LIvarov, L., Vavilov, S., Vorobyev, A., Vorobyev, A., Andreev, Y., Anisimov, 
A., Dermenev, A., Gninenko, S., Golubev, N., Gorbunov, D., Karneyeu, A., Kirsanov, M., 
Krasnikov, N., Matveev, V., Pashenkov, A., Pivovarov, G., Postoev, V. E., Rubakov, V., 
Shirinyants, V., Solovey, A., Tlisov, D., Toropin, A., Troitsky, S., Epshteyn, V., Erofeeva, 
M., Gavrilov, V., Kaftanov, V., Kiselevich, I., Kolosov, V., Konoplyannikov, A., Kossov, 
M., Kozlov, Y., Krokhotin, A., Litvintsev, D., Lychkovskaya, N., Oulianov, A., Popov, 
V., Safronov, G., Semenov, S., Stepanov, N., Stolin, V., Vlasov, E., Zaytsev, V., Zhokin, 
A., Belyaev, A., Boos, E., Bunichev, V., Dcmiyanov, A., Dubinin, M., Dudko, L., Er¬ 
shov, A., Gribushin, A., Ilyin, V., Kaminskiy, A., Klyukhin, V., Kodolova, O., Korotkikh, 
V., Kryukov, A., Lokhtin, I., Markina, A., Obraztsov, S., Perfilov, M., Petrushanko, S., 
Popov, A., Proskuryakov, A., Sarycheva, L., Savrin, V., Snigirev, A., Vardanyan, I., An¬ 
dreev, V., Azarkin, M., Drcmin, I., Kirakosyan, M., Leonidov, A., Mesyats, G., Rusakov, 
S. V., Vinogradov, A., Azhgirey, I., Bayshev, I., Bitioukov, S., Grishin, V., Kachanov, 
V., Kalinin, A., Konstantinov, D., Korablev, A., Krychkine, V., Levine, A., Petrov, V., 
Ryabov, A., Ryutin, R., Sobol, A., Talov, V., Tourtchanovitch, L., Troshin, S., Tyurin, N., 
Uzunian, A., Volkov, A., Adzic, P., Djordjevic, M., Ekmedzic, M., Krpic, D., Milosevic, J., 
Smiljkovic, N., Zupan, M., Aguilar-Benitez, M., Alcaraz Maestre, J., Arce, P., Battilana, 
C., Calvo, E., Cerrada, M., Chamizo Llatas, M., Colino, N., De La Cruz, B., Delgado Peris, 
A., Dominguez Vazquez, D., Fernandez Bedoya, C., Fernandez Ramos, J. P., Ferrando, 
A., Flix, J., Fouz, M. C., Garcia-Abia, P., Gonzalez Lopez, O., Goy Lopez, S., Hernan¬ 
dez, J. M., Josa, M. I., Merino, G., Puerta Pelayo, J., Quintario Olmcda, A., Redondo, 


41 



I., Romero, L., Santaolalla, J., Soares, M. S., Willmott, C., Albajar, C., Codispoti, G., 
de Troconiz, J (2012). Observation of a new boson at a mass of 125 gev with the cms 
experiment at the lhc. Physics Letters B, 716(1):30 61. 

CMS Collaboration (2013). Updated measurements of the Higgs boson at 125 GeV in the 
two photon decay channel. Technical Report CMS-PAS-HIG-13-001, CERN, Geneva. 

CMS Collaboration (2014). Observation of the diphoton decay of the Higgs boson and 
measurement of its properties. Eur. Phys. J. C, 74:3076. 

Cowan, G., Cranmer, K., Gross, E., and Vitells, O. (2011). Asymptotic formulae for 
likelihood-based tests of new physics. European Physical Journal C - Particles and Fields, 
71:1554-1573. 

Davies, R. B. (1987). Hypothesis testing when a nuisance parameter is present only under 
the alternatives. Biometrika, 74:33-43. 

Del Moral, P. D., Doucet, A., and Jasra, A. (2006). Sequential monte carlo samplers. J. R. 
Statist. Soc. B , 68:411436. 

Englert, F. and Brout, R. (1964). Broken Symmetry and the Mass of Gauge Vector Mesons. 
Physical Review Letters, 13:321-323. 

Feldman, G. J. and Cousins, R. D. (1998). Unified approach to the classical statistical 
analysis of small signals. Phys. Rev. D, 57:3873-3889. 

Gross, E. and Vitells, O. (2010). Trial factors for the look elsewhere effect in high energy 
physics. European Physical Journal C - Particles and Fields, 70:525-562. 

Guralnik, G. S. (2009). The History of the Guralnik, Hagen and Kibble Development of the 
Theory of Spontaneous Symmetry Breaking and Gauge Particles. International Journal 
of Modern Physics A, 24:2601-2627. 

Guralnik, G. S., Hagen, C. R., and Kibble, T. W. B. (1964). Global conservation laws and 
massless particles. Phys. Rev. Lett., 13:585-587. 

Higgs, P. W. (1964). Broken Symmetries and the Masses of Gauge Bosons. Physical Review 
Letters, 13:508-509. 

Johnson, V. E. (2013). Uniformly most powerful Bayesian tests. The Annals of Statistics, 
41:1716-1741. 

Rubino, G. and Tuffin, B. (2009). Rare Event Simulation Using Monte Carlo Methods. Wiley. 

Rue, H., Martino, S., and Chopin, N. (2009). Approximate Bayesian inference for latent 
Gaussian models by using integrated nested Laplace approximations. J. R. Statist. Soc. 
B, 71:319-392. 


42 



